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Preface 


The scientific potential of y-ray astronomy has long been recognized 
from a theoretical standpoint by investigators in the fields of cosmic-ray 
research and high-energy astrophysics. Gamma-ray studies can help 
answer questions concerning the nature and origin of cosmic rays, both 
galactic and extragalactic: the nature of supernovae, pulsars, and power- 
ful radio sources; the extent and importance of antimatter in the universe; 
and the nature of the universe in the distant past. 

The advent of satellite-borne y-ray telescopes has recently made 
y-ray astronomy a reality. The first observations, as discussed in this 
book, have already provided important information on galactic and 
extragalactic cosmic rays and interstellar gas. These observations 
may also have great cosmological significance. The second generation 
of y-ray telescopes is already in the development stage. 

It therefore seems most appropriate at this time for a comprehensive 
theoretical monograph to appear on the scene to aid in the planning of 
future y-ray astronomy experiments and in the interpretation of future 
experimental results. It should be of value both as a reference and as 
a text. 

John F. Clark 

Director , Goddard Space Flight Center 

Greenbelt , Md 





Foreword 


It is a far cry from the early years of cosmic-ray exploration when it 
was widely supposed that the primary cosmic radiation consists mainly 
of y-rays. Today we know that cosmic y-rays are relatively scarce, and 
that the high-energy particles bombarding the Earth from outer space are 
mostly atomic nuclei and electrons. These fast ions have “forgotten” 
their original directions of motion, owing to their tortuous paths in the 
magnetic fields of interstellar space. Unlike the photons of optical or 
radio astronomy, which travel in essentially straight lines, they provide 
no directional clues to their sources. This explains in part the avid search 
for point sources of cosmic y-rays, which must be generated as second- 
aries of the high-energy charged particles at the sites of origin. 

There is every reason to believe that high-energy y-rays are produced 
not only at cosmic-ray sources but’ also in the interstellar and inter- 
galactic media. Study of this diffuse radiation can also provide signifi- 
cant astrophysical information. 

The very low flux of photons with energies exceeding tens or hundreds 
of megaelectron volts, and the high background of charged particles, 
makes their detection extremely difficult. However, the importance of 
the quest guarantees that the search will go on. 

The author of this timely monograph has made noteworthy contribu- 
tions to the theory of production and interactions of cosmic y-rays. In 
the present work he has resisted the temptation to treat specific models 
of possible point sources of y-rays; such models are as yet highly specula- 
tive. His central purpose has been to summarize fundamental processes 
that are likely to play an important role in future research in this 
discipline. 

The specialist in astrophysics and cosmology, the interested physicist, 
and the graduate student will all find this monograph very useful 

Maurice M. Shapiro 
Laboratory for Cosmic Ray Physics 
Naval Research Laboratory 
Washington , D.C . 




Introduction 


Gamma-ray astrophysics is one of the newest branches of physical 
science. Although some theoretical work has been produced, particu- 
larly in the past decade, it was not until September 1968 that the actual 
discovery of cosmic y-rays (above 100 MeV) was announced in the 
literature. This momentous discovery, the work of an MIT research 
team headed by Kraushaar, Clark, and Garmire, not only proved the 
existence of cosmic y-rays but also showed that most of those detected 
originated in the plane of our galaxy. 

Although observations have been attempted by many other experi- 
mental groups, their results, for the most part, have been either negative 
or inconclusive, allowing only the determination of upper limits on the 
diffuse cosmic y-ray flux and the flux from possible point sources. How- 
ever, present detectors should be sensitive enough, according to theo- 
retical estimates, to measure diffuse y-ray fluxes and possibly fluxes 
from a few point sources. Most recently, Vette, Gruber, Matteson, and 
Peterson have obtained measurements of the cosmic y-ray background 
spectrum between 1 and 6 MeV and have found this spectrum to be of 
an unexpected nature which may have great cosmological significance. 

No attempt is made here to list and discuss these observational 
attempts in detail; such listings may be found in recent reviews. Neither 
is it the author’s intention to construct crude models for possible point 
sources of cosmic y-rays. The emphasis here is on a discussion of the 
basic y-ray production processes themselves. In addition, the discussion 
is confined to the simple cases of the production of diffuse y-radiation 
in the galaxy and metagalaxy, where the fluxes are directly proportional 
to the products of quantities like gas densities and cosmic-ray intensities. 

Finally, no attempt is made here to repeat in detail derivations of the 
classical electromagnetic production processes of bremsstrahlung, 
magnetobremsstrahlung (synchrotron radiation), and Compton colli- 
sions, which are given in many references such as Heitler, Shklovskii, 
and Ginzburg and Syrovatskii. However, the results of these production 
processes are discussed. 

Most of this book is devoted to a detailed discussion of the high-energy 
processes, primarily in the realm of modern particle physics, which 


VII 



VIII 


COSMIC GAMMA RAYS 


lead to the production of cosmic y-rays. The physics of these processes 
is then applied to the problems of astronomy and cosmic-ray physics 
which y-ray astronomy is best suited to solve. The final section is devoted 
to what may turn out to be the most significant area of y-ray astronomy; 
i.e., an examination of the cosmological significance of the energy spectra 
of extragalactic y -radiation. 

An appendix by Donald Kniffen contains a discussion of y-ray tele- 
scopes and the latest techniques being developed for the detection of 
cosmic y-rays. 
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Chapter 1 


Gamma-Ray Production From the Decay of Second- 

ary Particles Produced in Cosmic-Ray Interactions 


1-1 INTRODUCTION 

The importance of studying cosmic y-radiation has been recognized 
for some time, and for fundamental reasons. These energetic photons 
are the direct product of interactions which are basic to high-energy 
astrophysics and cosmic-ray physics. Gamma-ray-producing interactions 
involve the basic constituents of the universe: cosmic rays, interstellar 
and intergalactic gas, cosmic radio waves, the universal blackbody 
radiation, starlight, and cosmic magnetic fields. In addition, y-ray 
observations allow us to test for the presence of significant amounts of 
antimatter in the universe. 

Gamma rays suffer negligible absorption in most cases of astrophysical 
interest and they travel in straight lines from their sources. In this they 
differ from cosmic rays which, being charged particles, have their 
motions continually altered by interactions with cosmic magnetic fields. 
Therefore, much can be learned about cosmic-ray sources and inter- 
actions by studying the spatial and energy distribution of the y-rays 
they produce. 

Recent laboratory studies of high-energy interactions utilizing proton 
accelerators have provided us with much information on the nature of 
these interactions up to ~ 30-GeV energies. This information can be 
supplemented by studies of cosmic-ray interactions at higher energies 
occurring in the atmosphere. The knowledge gained from earthbound 
studies of high-energy interactions may then be applied to astronomical 
problems involving cosmic-ray and annihilation phenomena. 


1-2 THE DETERMINATION OF GAMMA-RAY PRODUCTION 
SPECTRA DUE TO COSMIC-RAY INTERACTIONS 
WITH INTERSTELLAR AND INTERGALACTIC GAS 

For our discussion of the production of cosmic y-rays in high-energy 
interactions, it will be useful to define a source function q(Ey) such that 
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q (Ey ) dEy represents the number of y-rays having energies in the range 
between Ey and Ey + dEy produced per unit volume per unit time; q(Ey) 
can be written as the product 


q(Ey) = nv c {0 (1“1) 

where n is the density of target nuclei in the medium considered, v c is 
the collision frequency per target nucleus, and {£) is the average number 
(multiplicity) of y-rays with energy Ey produced per collision. If we define 
an average collision cross section (S ) , then v c is given by 

Vc=(S) 47T/ cr (1-2) 

where 7 cr is the average directional intensity of cosmic rays (in units of 
cm” 2 s" 1 sr” 1 ), and the factor of 47 r comes from integration over solid 
angle. Equations (1—1) and (1—2) then combine to give 

q(Ey)=4rni(SHOI m (1-3) 

In general, for the production of y-rays, £ and S are functions of the 
primary cosmic-ray energy £ pr . Therefore, we define 

<r(Ey\E w ) - liEnWEylEv) (1-4) 

and write 

q(E y ) = 47m / dE vr cr (Ey\E w )I (E pr ) (1~5) 

Note that, in general, n and 7 cr and therefore q(E y) are functions of 
spatial location r. 

We can now derive an expression for the directional intensity of y-rays 
of energy Ey observed at the Earth. The flux reaching the Earth after 
being produced in a differential source volume dV located at a point r is 
given by 

dFy(Ey,r)=^q(Ey,r) dV 

= q(Ey, r)r 2 dfl dr (1—6) 

4777' 2 

Thus, the directional intensity diy(Ey , r) reduces to 


.7 / F ,_d.Fy(Ey, r ) _q(Ey, r) dr 

dJy{Ey, ^ 


(1-7) 
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and the total specific intensity is, therefore, 

Iy{Ey)—~^ J dr q(Ey, r) (1-8) 

If, in addition, we take into account the effects of absorption of y-rays 

by the medium, we must include an exponential absorption factor of the 
form exp [— / dr k(E y, r)], where k(£V, r) is the absorption of the 
medium per unit pathlength. Thus, the more general form of equation 
(1-8), which takes absorption into account, is 

Iy(Ey)—-^ - J dr q(E y, r) exp dr t<(Ey, r') j (1-9) 

We will now derive the source function q(E y, r) for y-ray production. 
By generalizing equation (1-5) to include collisions between various 
nuclides of cosmic rays and interstellar gas, we can express this function 
as 

q(Ey* r)=4> 7r 2 nj( r) f dE k crj k (E y \E k )I(E k , r) (1—10) 

j>k J 

so that the total y-ray source function is obtained by summing over all 
the possible contributions from collisions between gas nuclei of type j 
and cosmic-ray.muclei of type k. We must also allow for various distinct 
y-ray production interactions that can take place between two specified 
nuclei, j and k. To do this, we express the cross section crjk(Ey\Ek) as a 
sum over the contributions from various secondary particles which can 
be produced in the interaction and can subsequently decay to produce 
y-rays. Denoting these particles as secondary particles of type 5 , we 
therefore write 

<r/*(£y|£*)=2 f dE s (Cy, s )f s (Ey\E s )a jk , s (E s \E k ) (1-11) 

S J 

where (£y, s ) is the average number of y-rays produced by the decay of 
a secondary of type s and f s (Ey\E s ) is an energy distribution function, 
normalized so that 


/: 


dEyf s (Ey\E s ) — 1 


which gives the probability that a y-ray of energy Ey will result from the 
decay of a secondary s having an energy E s . 
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But. this breakdown is still insufficient for the specification of y-ray 
production interactions. We indicate this by citing the following example: 

other modes 

P “h P P ~b N * + j— > other modes 

A + K + | —> o t her mod e s 

\k> ' rT+ d” 17 ° 

In this example we consider an interaction between two protons. We 
have chosen to follow a particular decay chain which results in the 
production of two y-rays and is given by the double arrows. In this decay 
chain, we first produce an intermediate nonstrange isobar, N * + , which 
decays in ~10 -23 s into a lambda hyperon and a positive A-meson (kaon). 
The kaon, in turn, decays in ~ 10~ 8 s into a positive and a neutral 
7r-meson (pion). The neutral pion then decays in ~ 10 -16 s, yielding two 
y-rays. At each stage in the chain, there are branches into other possible 
decay modes which occur with specified probabilities (branching ratios). 
For example, the isobar could have decayed into a proton and a neutral 
pion and this alternate decay mode would have produced y-rays having 
a different energy spectrum in the rest frame of the observer (hereafter 
referred to as the laboratory system (Is)). 

Therefore, we must determine the sum over all possible y-ray-produc- 
ing decay modes d involving secondary particles of type s to evaluate 
the right-hand side of equation (1-11); i.e., 

(iy.s)fs(Ey \ E s ) <&. I E g ) (1-12) 

d 

where, for decay modes involving / intermediate secondaries, 

as) — £>s f Rs t Cs"Rs" • • * £ 8 ii)R 8 (i)CyRy (1—13) 

Here, the quantities denoted by R indicate branching ratios for the 
production of various intermediate secondaries. The distribution func- 
tion/^ (Ey | Eg\ is given by 

U(Ey\E s )=j j ■ • - J dE s , clE s » • • • dE tm f(Ey\E tin )f{E tm \E,v-n) 

■■■f{E s .\E s ) (1-14) 

Fortunately, long chain decay modes for y-ray production turn out to 
have such small probabilities that they may be neglected. 
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1-3 GAMMA-RAY-PEODUCING DECAY MODES 

We will consider the y-rays produced from the following secondary 
particle decay channels: the electromagnetic decays 

7r° — » 2y (1-15) 

2°->A + y (1-16) 

and also the weak decays 


and 


» 7T ± + 7T° 

(1-17) 

/<?^27T° 

(1-18) 

K° 2 -> 3tt° 

(1-19) 

K% — > 7T+ + 77" + 7T° 

(1-20) 

A — > n + 77° 

(1-21) 

S + — > P'Ytt 0 

(1-22) 


followed by 7T°— » 2y. Table 1—1 shows some of the features of y-ray 
production from the decays of p-p secondaries. 

The hyperons can be created by associated production or in hyperon- 
antihyperon pairs; i.e., by the reactions 

N+N^ N+Y+K+ • • • (1-23) 

and 

A + /V-^7VTA+F+f+ • * * (1-24) 


Table 1-1. — Gamma-Ray Multiplicity and Branching Ratios From 
Hyperon and Meson Decays a 


Decay mode 

Branching ratio R 

Multiplicity £7 

Riy 

7r°— >2y 

1.00 

2 

2.00 

A + 7 1 

1.00 

1 

1.00 

A~— > 77-4-77° 

0.215 

2 

.430 

A'J— » 27t (> | 

1(0.311) 

4 

.622 

3 TT° 

1(0.265) 

6 

.795 

K%— >77+4“ 77“ 4“ 77° 

1(0.114) 

2 

.114 

A— » n 4- 77° , 

0.331 

2 

.662 

S + — > \) 4” 77° ..... 

0.510 

2 

1.02 


a The reactions H°— » A 4- 77° and CL~— > 5~4-77° may also occur, but production of the 
S° and 0“ hyperons is so rare that these decays will not be considered. 
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where the N denotes nucleon and the F denotes hyperon. They may also 
arise from such reactions as 

N+N-*N* + N+ • ■ • ( 1 - 25 ) 


(where the asterisk denotes an isobar) followed by 


and 

followed by 


iV*-> Y+K 

N+N-* Y* + N+K+ * * * 

F*-»F+7t’s 
-+ N+ 77’s 


(1-26) 


which have end products similar to those of reactions (1-23) and (1—24), 
but whose resultant momentum and angular distributions are affected 
by the formation of the intermediate isobar. (Unless otherwise specified, 
the symbol N stands for nucleon, Y for any hyperon, K for any kaon, TV* 
for any nonstrange isobar, and F* for any strange isobar.) We may note 
also that at very high energies, as first pointed out by Fermi (1951), pions 
and kaon-antikaon pairs can be produced as what might be pictured as 
a quasithermal boson gas. 

The experimental results of p—p interactions indicate the following 
features. 

(1) For p—p machine data where the primary beam momentum is 
less than 10 GeV/c (what will be hereafter referred to as the low- 
energy region) secondaries are produced primarily through an 
intermediate stage involving isobar production; for example, 1 

p + p->A(L238)+JV 

followed by (1—27) 

A(1.238) — > N+tt 

and 

p + p— » X (1.385) + N+K 

followed by (1—28) 

2(1.385)-+ A + tt 


1 We '"'adopt here the "contemporary "notation- -for -isobar -designations;- The quantity in -the. 
parentheses is the rest mass of tlie isobar in GeV/c 2 . N* and A represent nonstrange 

isobars having isospins 1/2 and 3/2, respectively. A( ) and 2( ) represent isobars of strange- 
ness — 1 having isospins 0 and 1, respectively. H( ) represents isobars of strangeness —2. 
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(2) The character of the interaction changes so that for “high” energies 
(primary proton energy greater than 10 GeV), the p-p interactions 
continue to yield only one or two isobars, with perhaps as many as 
four secondary mesons (K or tt), but the bulk of the secondary 
mesons produced at high energies results from the formation of a 
quasithermal meson gas (Fermi, 1951; Heisenberg, 1952; and 
Landau, 1953), containing up to one-half the energy of the system 
and localized to one or two centers of excitation (sometimes 
referred to as fireballs), which move much more slowly in the 
center-of-mass system than do the baryon isobars. (See Daniel 
et al., 1963.) 

1-4 KINEMATICS 

The reactions that we consider involve energies at least of the order 
of magnitude of the rest masses of the particles involved. Therefore, 
we must use the results of the special theory of relativity to describe 
their kinematics. The following is a discussion of the kinematics that 
will be needed to describe the reactions listed in the previous section. 

Special relativity makes use of a four-vector algebra with the cor- 
responding four-momenta and four-velocities defined as the vectors 

P (4) =(p, iE) (1-29) 

and 

j3 {4) =(/L 0 (1—30) 

In equations (1—29) and (1-30), the superscript denotes a four-vector, 
P = v /c, and the speed of light c is taken equal to unity (as it will be 
hereafter). 

The Lorentz transformation can be expressed as an orthogonal trans- 
formation that corresponds to a rotation through an angle (j) in a complex 
four- vector space. Figure 1— 1(a) shows that the p of the Lorentz trans- 



FlGURE 1-1. — Relativistic energy momentum and velocity triangles, (a) fi triangle. (b)P E 

triangle. 
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formation is then equal to tanh (f). It follows that, under this rotation, 
the “length” of the four- vector momentum 

| p { 4 ) | - — |p 2 — E 2 1 = mr (1—31) 


1 s a n i n v a ri a n t a n d s er v e s t o de fi n e t he proper m ass m . 

In figure 1-1(6) the subscript j serves as the index of each of the 
various particles involved in the reaction. 

If we want to transform our kinetic equations from one system to 
another by performing a Lorentz transformation specified by the velocity 

0 2 (for example, we will later be concerned with transformations from 
center-of-momentum systems (cms) to laboratory systems (Is) and vice 
versa), the corresponding transformation, being simply a rotation in our 
complex four-space, can be performed merely by adding the angles 
<f> = tanh" 1 0. Thus, if we label quantities in the original system with 
the subscript 1, the transformation quantities with the subscript 2, and 
the transformed quantities with the subscript 3, we can write 


(t > 3 — <f>i T- 


and 


therefore, 


0i = tanh 0 2 = tanh </> 2 


03= tanh (</>i + 02 ) 


tanh cf ) i + tanh 02 
1 + tanh cf ) j tanh <jf> 2 


)Si + i 82 
1 + 0102 


(1-32) 

(1-33) 


d-34) 


To find 4> for the cms, we just add the four-momenta of all the particles 
involved in the reaction. Then, it follows from figure 1-1(6) that 


tanh (j) cms 0 

cms 


J_ 


(1-35) 


From figure 1-1 (a), we see that we can write 
p = m sinh 4>= ( j - ^ ^ 2 

and 


m 

( 1 -/ 30 1/2 


(1-36) 


E — m cosh <£ = 


(1-37) 
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We also introduce here a very useful quantity called the Lorentz factor 
y, which is defined as 


y = 


F_ 

m 


(1 ~/ 3 2 ) ' 


: cosh 0 


( 1 - 38 ) 


As a particular case of equation (1~ 35), a case that we will be primarily 
concerned with later on, we consider a proton of energy E in the Is 
colliding with a proton at rest in the Is. We then find 


and 


_ (E 2 — m 2 ) 1 ! 2 _ / y—iy/2 
E + m AT+V 


d-39) 


y C ms = ( 1 - PU ~ 112 = [ i(y ■ + 1 ) ] ■ 1/2 (1-40) 


which, for y 1, reduces to 


Terns ^ (iy) l/2 


(1-41) 


We can use the definition (1—38) with equation (1-32) to obtain directly 
the Lorentz transformation for y. We find 


ys ~ cosh p 3 = cosh (pi + p 2 ) 

= cosh pi cosh <p 2 + sinh (pi sinh p 2 
^yiy2 + yi^t yip* 

= Yz [yi + fa (yipi ) ] (1—42) 

which, together with the definition (1-38), yields the energy transforma- 
tion relation 

Es = y2[E 1 + p 2P i] (1-43) 

Similarly, we also obtain the momentum transformation relation 


p 3 = m sinh <pz 

= Til sinh pi cosh p 2 + m cosh p\ sinh p 2 
= J2 [pi + /?2 ( mj\ ) ] 

= y2[pi + fcEi] (1-44) 


From the similarity of the p and p— E triangles of figure 1—1, we can 
recover the Lorentz contraction formulas by analogy with equations 
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(1-43) and (1—44). Therefore, we obtain 

xz = 72 (x i + p 2 t i ) (1-45) 

and 

h ~ 72 (ti + fizXi ) (1-46) 

where x is understood to be the displacement in the direction of motion, 
just as p has been understood to be under a similar restraint. We will 
find it useful to generalize our transformations by looking at reactions in 
a two-dimensional x~y plane, x being taken to be at angle 0 with the axis 
of the Lorentz transformation. Therefore, under the Lorentz transfor- 
mation, Z 3 = Zi. We can then define a direction of motion by the angular 
parameter 0 , such that 

dy \ , 3 

tan 01,3 = 4^ (1-47) 

dx 1 , 3 
dt \ , 3 

From the definition (1-47) and equations (1—45) and (1-46), we immedi- 
ately obtain the transformation relation for 0 : 


tan 03 = 


sin 0i 

y 2 [cos (j3 2 /j3i)] 


(1-48) 


Equations (1—43) through (1-45) can now be further generalized by the 
replacements 

p * p cos 0 (1-49) 

and 

x-*xcos 0 (1-50) 

which define the axis of the Lorentz transformation, where p and x now 
represent the total magnitudes of these vectors in three-space. 

We now consider the kinematics of two-body collisions and the 
kinematics of particle decay. For our purposes, we may limit ourselves 
to two- and three-body decays, since we need discuss only the decay 
reactions (1—15) through (1—22) and isobar decays where not more than 
three particles are produced (Morrison, 1963). It should be noted that 
of the decay modes (1-15) through (1—22), only the K ± and Kl channels 
involve three decay products. In those cases, the three particles produced 
have essentially identical masses, which simplifies the treatment. 

First, we consider the reaction 


a + b — > c + d + ■ • * 


(1-51) 
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where particle b is the target particle, at rest in the Is, Since the length 
of the total four-momentum is invariant, we have 

t£p^] 2 =[S P a s ] 2 (1-52) 


P 2 a- ( Ea + m b ) 2 — (E'PEi) 2 (1-53) 

where quantities in the cms will be denoted by primes. We now let 
E r represent the total energy in the cms. Then, from equation (1-53) 

E' = E' a + EL=[(Ea + m b )*-p*yi* 

= [ml+m% + 2m b E a ] 112 (1-54) 

Using the four-momentum invariant inner product 

[PS? - (pW + Pi 4) )]ls=lP<a 4) ' (pW + pP)]em d“55) 


we obtain expressions for the individual cms energies of particles a 
and b. Thus, we obtain 


and 


E!=- 


E't+m*- 
2 E' 


_ E’ 2 + ml — m 2 a 
,Jb 2 E' 


(1-56) 


(1-57) 


To obtain the threshold energies for the creation of particles c, d , 
. . we write 


£j h = + Am = m c + //^ + • • • (1-58) 

where A m is the mass difference between the incoming and outgoing 
particles as defined by equation (1—58). In the case that we have been 
considering, where one particle is at rest in the Is, we note that the 
threshold energy is the energy of the incoming particle which is equiva- 
lent to just enough available energy in the cms (given by eq. (1-54)) 
to produce the rest mass of all the outgoing particles (given by eq. (1—58)). 
Thus, we equate equations (1-54) and (1—58) to obtain 


m a -f + Am= [m|+ ml + 2m b {E a ) t h] 1/2 


(1-59) 
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which reduces to 

(E„) lh = ( + ^m+ m„ (1-60) 

V m u 2m h ) 


In terms of kinetic energy T= ( E — m.) = (y — 1) m, we have 


T*=(l +=*+#=) 4m 0-61) 

\ m b 2m b ) 

Table 1-2 lists cms energies for a p—p system as a function of labora- 
tory energy, derived from equation (1—40). 

Let us now consider the decay of a particle of mass M into two par- 
ticles of mass m (l and respectively. From equations (1—56) and 
(1—57), we find that in the rest system of mass M 


E' : 


M' 1 + m~ — ml 
: 2 M 


(1-62) 


Table 1—2 . — Transformation From Laboratory Energy to cms Energy 

in p—p Collisions 


T \ & E ), ftijH 

GeV 

y,, = E ,,l m,, 

. 

Terns 

0-2ffi / >(y r -l), 

GeV 

0.0 

1.00 

1.00 

0.0 

0.5 

1.53 

1.13 

.235 

1.0 

2.07 

1.24 

.447 

1.5 

2.60 

1.34 

.641 

2.0 

3.13 

1.44 

.821 

2.5 

3.67 

1.53 

.989 

3.0 

4.20 

1.61 

1.149 

3.5 

4.73 

1.69 

1.300 

4.0 

5.26 

1.77 

1.444 

4.5 

5.80 

1.84 

1.583 

5.0 

6.33 

1.91 

1.716 

5.5 

6.86 

1.98 

1.844 

6.0 

7.40 

2.05 

1.968 

6.5 

7.93 

2.11 

2.088 

7.0 

8.46 

2.18 

2.205 

7.5 

9.00 

2.23 

2.318 

8.0 

9.53 

2.29 

2.428 

8.5 

10.06 

2.35 

2.536 

9.0 

10.59 

2.41 

2.641 

9.5 

11.13 

2.46 

2.744 

10.0 

11.66 

2.52 

2.844 
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and 


F f — 


M 2 - 


mi — mi 


2 M 


( 1 — 63 ) 


The rest system of mass M must also be the cms of the two decay 
particles. Therefore, they are given equal and opposite momenta of 

magnitude // in this system. Using equations (1—43) and (1—49), we ob- 
tain the Lorentz transformation to an Is where the original mass M had 
an energy Em = yM. This transformation is given by 

E a ,b — y(E' a>b A- fip r cos O') (1-64) 

Equations (1-62) through (1-64) then yield the energies of the decay 
particles in the Is. These energies are given by 


jp __E\f r/M 2 - 

Ea> b - M LV 


m 2 uh - 


2 M 


X p' (M, m a , m b ) cos O' j 


(1-65) 


where p' (M, m b ) is given implicitly by the conservation of energy 
relation 


(P' 2 + ml) ^ + (p' 2 + ml) 112 = M (1-66) 

Equation (1-65) immediately yields the following results: 

(1) If (cos O') =0, i.e., if we have equal emission in the forward and 
backward directions in the cms, 

<£„,>) = £,„ ( M2 + ^r <U ) (1-67) 

(2) If particle M decays isotropically, i.e., if there is equal probability 
of emission in all directions in the cms, the normalized angular 
distribution function for the emitted particles is given by 

/«?') dff=^p- = | sin 6’ dff (1-68) 

We will now make some useful substitutions in equation (1—65) to 
write it in the form 


E(Q') — E m(r + (3k cos S') 


(1-69) 
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so that 
where 


dE(6')=pE M K sin O' dff 
7] = fJb/M 


( 1 - 70 ) 


is the dimensionless ratio of the cms energy of the daughter par- 
ticle to the mass of the parent particle, and k = p' \M is the dimen- 
sionless ratio of the cms momentum of the daughter particle to the 
mass of the parent particle. Consequently, 


dE ~ dsw dE= wk, m 

As a check on the normalization of f (E) , we note that 

2§kEju 


f Emax f(E) dE=~ w - [ W0K> dE= 
Jfc- , 2/3 kEu JE m (.ti-Pk ) 


2/3kEm 


1 


(1-71) 


0-72) 
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and 


A,„ = 


M 2 




■ M 2 


11/2 


(1-75) 


We find a discrete energy for the decay particles in the Is; i.e., 
A m = 0, only for two cases: (a) EjJM 2 = 1, i.e., the particle of mass 

M is at rest in the Is; and ( b ) m — \M, i.e., the decay particles have 
no kinetic energy in the cms. 

(4) If particle M decays into two particles, one of which has mass zero, 
e.g., A-fy, equation (1-65) reduces to 


Em= H [~^ m~ + ( 1_ r^) cos0 '] ^- 76 ) 

d 

„ _E M [ M 2 -m 2 , /, M 2 yl 2 , /w x .. _ 

E *~li[~2M~ + V~El l ) PW,m)u*6 J (1-77) 


Since, for a particle of mass zero p = E, we find 

. 47 2 — m 2 

p (M, m) = 

and thus 


2M 


'° M\ 2 M / L 1 + f 1 El) COS0 J 


= £mT)(M, nr) (1 + j 8 A / cos O’) 


(1-78) 


(1-79) 


(5) If both decay particles have mass zero, e.g., tt" — <■ 2y, equation 
(1—65) reduces to 


Eo=iE M [n-(l— ~) ,/2 cos O' 
~ yu ( 1 + (3\{ cos 0 f ) 


(1-80) 


In particular, for M 2 /E 2 1, i.e., for ultrarelativistic particles, 

equation (1-80) reduces to 


Eo^Emcos 2 (ffi) (1-81) 

and the energy distribution then has the corresponding parameters 
( Eq ) == £Em Ao — \Em 


(1-82) 
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This function is shown in figure 1—3. 


o 

UJ . 


Em 



E 0 


FIGURE 1-3. — The form of the energy distribution function for y-rays resulting from the 
decay of relativistic neutral pions. 


The ultrarelativistic form for equation (1-79) yields a distribution 
function that is similar in form to that of figure 1— 3, with the resultant 
Eq given by the simplified expression 

Eo = 2E mV (M, m) cos 2 (i0') (1-83) 

with r}(M , m) defined by equation (1-79). 

It should be noted that the kinematics of equation (1-65) can be ap- 
plied to isobar decay as well as to the weak and electromagnetic decays 
of the various particles. Thus, we can make a distinction between the 
three-body final state in a reaction such as 

p + p — > p ~f A + K + (1—84) 


and the double two-body kinematics problem posed by a reaction such as 


followed by 


p + p — > p *T N* + 
N *+ -> A + K+ 


(1-85) 

( 1 - 86 ) 


Clearly, the kinematics of reaction (1-86) is more restrained than is that 
of reaction (1-85), even though the mass of iV* has an associated uncer- 
tainty fij t rf, where is the decay time of the isobar and fi is Planck’s 
constant divided by 2? r. 
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1-5 THE EVALUATION OF THE SOURCE FUNCTIONS DUE 
TO VARIOUS DECAY MODES 

l-5a The Decay Mode tt 0 — > 2y 

Equation (1—80) can be used to write an expression for the energy of 
a y-ray produced by the decay t r°—> 2y. This energy is then given by 

Ey = & n„y v (14 - jAjr cos 6') ( 1-87 ) 

Equation (1-71) reduces to give the y-ray energy-distribution function. 
This result, together with the limits implied by equation (1-87), yields 
the Green’s function for the decay fd S (Ey\E s ) of equation (1—14). The 
result is 


foYiEAl-Pn)^Ey*ziE v {l + Pir) 

f(Ey\E v )=\ (1-88) 

0 otherwise 


We note also that, for the neutral-pion decay, 


and 


Ry, 7ro-2y — 1 

O, 770^27“ 2 


(1-89) 

(1-90) 


Thus, the contribution of neutral-pion decay to the source function 
of equation (1—10) reduces to 

„ f f&V, max 

q(Ey, r) = 47171 (r) dE p I(E P , r) dE . <r(E„\E p ) -2-1 

J it, min 

• (£S-raS)-i/2 (1-91) 

where the limits E 7 r, m ax and f^min can be found from the following 
considerations. 

The quantity E n , max I s the maximum energy that a pion can have and 
still produce a y-ray of energy Ey. We note that as 00 the ultra- 
relativistic form of the pion/y-ray energy relation given by equation 
(1—81) becomes valid, so that 


since 


E v 


Ey 

[cos 2 (i0')]„ 


(1-92) 


[cos 2 (i0')]min = O 


411-892 0 - 71 -3 
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From conservation of energy, we note that, for the twoy-rays produced 
in the decay, 

E v = Ey. t a + Ey tb (1-93) 

In the extreme case where the y-rays are emitted in the direction of 
motion, cos O' = 1, — 1, 


= (1-94) 

and 

Ey tmax =iEA 1 + pn) (1-95) 

Thus, corresponding to the highest energy Ey, max that can l 56 emitted 
by a pion of energy £V, a y-ray of energy F r min is also emitted such that 

Ey %vm +Ey %l *W=&AI+PA+&Al~frr) = E * (1-96) 

We can use equations (1—94) and (1—95) to express Ey t m\n in terms of 
Ey, max by noting that 

{Ey, min) (^max) PI) =i”4 (1-97) 

so that 

En = Ey, max + Ey, min = Ey, max + ( l" 98 ) 

frj&y, max 

This criterion can then be reversed to put a lower limit on the pion 
energy integration by writing equation (1—98) as 

£V,min — Ey + ^ (1—99) 

QYj y 

where E n , m in is now the minimum energy that a pion needs to produce a 
y-ray of energy Ey. Thus, equation (1—91) reduces to 

q w »(Ey, r) =8irn(r) \ dE p l{E p , r) f dE n (1 _ 100) 

^ Ey+m^/4Ey ^ n 


l-5b The Decay Mode A + y 

The energy distribution function and energy transformation equation 
for the S° decay are given by equations (1-71) and (1-79) as follows: 


Ey=Eyo p(2°, A)(l + /lv cos 6') 


( 1 - 101 ) 
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and 


where 


f(Ey\Ev)dEy = 

va°, a) : 


(lEy 

2E 1 of3^(l\ A) 

_ m|o — m\ 

2m| 0 


( 1 - 102 ) 

(1-103) 


The evaluation of the source function for the 2° decay can then be 
made in a manner similar to that used for the 7T° decay. For the 2° decay, 
we have 

R y jo^A+y — 1 (1—104) 

and 


£y, i o -a+v 1 


(1-105) 


The distribution function f(Ey\E is then written explicitly in terms 
of as 


1 


f{Ey\Ev) = 


2t?( 2°, A)(£f-*i§)’' 2 

for E^°r) ( 1 — ^ E y ^ E^r){l “ Pz°) 

0 otherwise (1—106) 


Thus, equation (1—10) reduces to 


qs.*(Ey 9 r) = 


2t r 

V&, A) 



max 

r) j clE'z 

•^ 2 , min 


<r(Ei\E p ) _ 

{E* 

(1-107) 


where the limits Ex, max and min are deduced from equation (1-101). 
By analogy with equations (1—97) and (1-98), we find for the case 
of 2° decay 


(Ey, min) (Ey, max) =E W{ 1 ~ /3|o ) - = *X 2 (1—108) 

where /x, as before, is the cms energy of the y-ray. From equation 
(1-101), we find 


and 


Ei, 


max 


Ey 

> 00 


as /3v — » 1 


(1-109) 


El t min 


Ey 

v(l + Pz) 


■» 


Ey 

2t| 


as /3s — » 1 


( 1 - 110 ) 



22 


COSMIC GAMMA RAYS 


We will later show that the case 1 Is the only one of importance to 

cosmic y-ray production from S° decay. Thus, the source function for 
the production of cosmic y-rays through the decay of secondary S° 
particles produced in high-energy cosmic p-p collisions is given by 


qi° (Ey, r) : 


2 7T 


A) 


r(r) 



ziMEA 

(1-111) 


where Mi = 1.192 GeV and p — 7.466 X 10~ 2 GeV, so 7)' 1 = 15.96. 


l-5c The Decay Mode K®— ^2tr°— ^4y 

For this two-step process, we must express the Green’s function, 
/ (Ey\E K ) in the form 

f 47 (EyjEx) = J dE 77-o frro -* 2 Y (Ey \Etto) f K\-*2ir° (Etto\Ek) (1 — 112) 

where, as we have already shown (eq. (1-88)), 

/ 7 J- 0 - 2 Y (EylE-rro) = ~7p^EZ 2 \ 1/2 for \Etx (1 fin) 

\Ejjf Win) ' 

^ Ey (1 +/3tt) 

= 0 otherwise (1-113) 

The function //q— 2 ir" (En\E K ) can be derived from equations (1-71) and 
(1-73). Since the decay is isotropic in the cms, we have 

fK\-* 2 tt 0 (Ett\Ek) =i&K X for \Ek— A * ^ Eir ^Ea + Ak 

= 0 otherwise (1-114) 

where A* is the half-width of the square distribution function. From 
equation (1-75), we have 


A* — 



(1-115) 


Figure 1-4 schematically illustrates the relationships between Eao, 
E-n-o, an d Ey for the decay mode -^ 2^° ^ 4y. 

Referring to figure 1-4, we see that a neutral kaon of energy Ek 
(point A on the Eao scale) will decay to produce two neutral pions having 
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Figure 1-4. —The relationships between £* 0 , £ 770 , and Ey for the decay mode 

— > 277° 4y. 


energies in the range between B and C (when it decays via the K ( ( mode), 
where 

EAB)=iE K - A* (1-116) 

and 

E n (C)=iE K +A K (1-117) 

The resultant y-rays have energies on the Ey scale that lie between 
points D and F , such that 

Ey(D)A(Y +A «)~ AAC) (1_ll8) 

and 

W)= i(f +Ajf ) +MC) (i-ii9) 

We have already found from equation (1-99) that 


r» . /? ni ' n 

Etx min — Ey~\~ ~ — 

4Ey 


Now we must determine the minimum energy that the K® meson state 
needs to produce a neutral pion of energy E n . If we define 2 

/ /l jyi 2 \ 1/2 

K =(l_Z3r ~ 0.840 (1-120) 

V m- K J 


2 Note important difference with equation (1-69). From equation (1-120) on, k — 2 p’lM. 
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e q u a t i o n ( 1 — 1 1 5 ) yiel d s 

&K = iE K pK ( 1 - 121 ) 

followed by 

(Err. max ) (Err. min) =\E% (1 “ ) (1~122) 

We can see that equation (1—122) is analogous to equation (1-97) 
and would further reduce to the limit if k approached unity. This, 
of course, is as it should be, since a value for k of unity would imply 
a decay into massless particles. Thus, equation (1-122) is a generali- 
zation of equation (1-97) for the case of decay into two particles having 
finite and equal masses. We also note from equation (1—121) that a 
value of zero for k implies a monoenergetic spectrum of neutral pions, 
in agreement with our previous discussion of equation (1-75). 

Using equations (1-42) and (1-49), we find 

Ek- ) (1+PnK cos 9')E„ (1-123) 

and therefore kaons capable of producing pions of energy E n are re- 
stricted to the energy range 

( 0 ) (1 (l+ME n (1-124) 

In the nonrelativistic and extreme relativistic cases, where /3 k<^ 1 and 
fix— 1, we can use equations (1—115) and (1-116) to determine the 
limits on the range of kaons of energy Ek which contribute pions of 
energy E n as 


E k - 2Err for (3 K < 1 (1-125) 

and 

Ek, max -12.8^ (1-126) 

- 1.09 Err (1-127) 

for [3 K — firr ~ 1. 

Finally, for the decay mode K \ [— » 4y we have 

0.156 (1-128) 


Ck^ 4V — 4 


and 


(1-129) 
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We can thus reduce equation (1-10) in this case to obtain the source 
function 


g*o(£V, r) =3.1177tz(f) dE p I (E p , r) 


dE p f(E p , r) f 

J J i 


dE„ 


£ y +(millEy) (El- ml) 1 ' 2 


X 


(•(6.89 + 5.78/3^)*’ dE rCT (E Ko\E p) 

' * 2 ' ,/ r d- 130 

89 - 5 . 78 / 3 (££■„ ~ '«*„) ' 


J, 


since 


t r(JE*,|£„)=lo-(£w|£p) 0-131) 


l-5d The Decay Mode KN tt ± + 7i° tt- + 2y 


The kinematics for this decay are exactly the same as for the decay 
K ( l — » 27t° — > 4y. If we neglect the small difference between the kinetic 
energies released in the above decays (Qko — 228.0 MeV, Q ± — 2 19.2 
MeV), the only significant difference for our purposes is that the K ± 
two-body decay produces only half as many y-rays as the K * 4y decay. 
The relevant numerical quantities are 


for 


k — 0.84 (1-132) 

0.215 (1-133) 

£ = 2 (1-134) 


K± ~>7T ± + 7 7 ° 


(See eqs. (1-120), (1-128), and (1-129).) The expression for the source 
functions from K ± decay is then similar in form to equation (1~130) and 
is given by 


q K± ( Ey , r) = 2.157rn(r) J dE p l(E p , r) 

dE p f(6- 78+5.69^)^ dEftcr (E k±\E p ) 


f. 


j Ey + 


(m'iAEy) (E\ 


dE p r(6.78+5.69p 7r JA 1) 

n?4 ) 1/2 J(6. 78-5.69/^)/^ 


(£*±-< ± ) 1/2 


(1-135) 


l-5e The Decay Mode A-»n + 77° for Unpolarized A Particles 

The energy-distribution function and energy-transformation equation 
for unpolarized A— »/i + 7r° decay are given by equations (1~65) and 
(1-71) as follows: 

y a—h+tto (E„|Ea) -A for E,M A, tt°) - Aa„« 

Z&K 

**"E„ E A7J'( A, 77°) + Aatto 


0 


otherwise 


(1-136) 
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and 


where 


and 


Ett — Ex'i 7 (A, it 0 ) -h A \ ?r«> cos 0' 


17 (A, 7 r°) = 


+ mi. — m~ 
2m% 


0.152 


A.Vtj-o 2 £ , \/3KA,7ro 


K.\7rO 


. V 

TO A 


( 1 - 137 ) 

( 1 - 138 ) 

(1-139) 

(1-140) 


and /?' being given implicitly by 

(m| + p' 2 ) 1/2 + (m 2 +// 2 )9 2 = toa 

Noting that 

m a — 1115.44 MeV 
m,i — 939.55 MeV l 

and 

nina — 134.97 MeV 


(1-141) 


(1-142) 


we find from equation (1—141) that 

p' — 103.6 MeV/c 


and 


K.\n — 0.186 


Thus, we obtain 


./ \—*ll+Tl' 


(En\Ex)= 


(El 


5.38 

-toi ) ,/2 


(1-143) 


(1-144) 


Using the same techniques used to derive equation (1—124), we can 
now find the limits on the E\ distribution. 

From equations (1—42) and (1—49), we obtain 


y,\ = ynyU 1 + cos O ' ) 


(1-145) 


Ex = E n E' w (^y (1 + ^/ 3 ; COS O') =(^)(E!n+ PnP'n cos d')En ( 1 - 146 ) 

HlZr 


rn_\ 

m 
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By using equations (1—138) and (1—140), we may further reduce 
equation (1-146) to the form 


Ex 


m> 


+ c„ s f 


so that 


m\ y 
m 


y)~fi,~)E^E 


2 

fnx\ 2 
Jih 


07 H- /3tt — )E Ti 

A , 


Eyr (1-147) 


(1-148) 


Using the numerical values given in equations (1-138) and O 143 ), 
we then find 

(10.52 - 6.44 fi v )En *£Ea*z( 10.52 + 6.44/8*)!?*. ( l ' U9 ^ 


Equation (1—147) is analogous to equation (1—123) and reduces to 
equation (1—123) for the case of decay into two particles of equal 
mass, where 07 = 1/2. The nonrelativistic and extreme relativistic limits 
of equation (1-137) for the parent A yield 


and 


Ex — 6.58 E^ for fix < 1 


E\ t max = 16.96 En) 
E\, min =4.08 En J 


for firr — fi\ ~ 1 


Noting that 
and 


E X * » + ==0.331 

Cy, a —« + tt'> 2 


(1-150) 

(1-151) 


(1-152) 


we can reduce equation ( 1 — 10 ) to yield the source function 
9 A (Ey, r) = 44.9n(r) f dE p I(E P , r) [ * — 

J jEy+mV4Ey (E* — 

x r (w.32 +6.440 7r )E„ dEME^Ep) (1-1.53) 
J (10.52-6.44^)/^ (E m\) '/ 2 

In equation (1—153) we have used the double Green’s function reduction 


/A^ +2 y(£y|£A) = /d£^ (1-154) 

The Decay Mode ...X.+ r^.JI ~b ..7T°...fQr...U.np.olarized..X4....K^.^.^.M.?.-?®. 

The kinematics of this decay are exactly the same as thos^ ^ or ^ ie 
A ->77 + 77 ° decay; only the numerical values for the masses involved 
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are different. For this decay we have 

msi = 1 189.4 Me V 


and 

so that 

and 


m p = 938.26 MeV 

-q — 0.195 
p'- 189.03 MeV/c 


(1-155) 


k — 0.318 


We also have, for this decay, 


Rs + -P+TT 0 0.510 


and 
so that 


£y, — p+ 77-0 ' 2 

qi+(Ey, r) = 40.3n(r) J dE p I(E p , r) 


(1-156) 


dE 77 - 


Ey+(m„l4Ey) (E%~ 7)1%) 'I 2 


where 

w |-(>-32 + 12.50^)E ff ( { E ^(t(E^\E v ) 
1(15.32-12.5018^^ (£|+ — m | + ) 1/2 

(1-157) 

and 

Es + min = S-ISEjr for /3v+ 1 

(1-158) 


E 1+ , min = 2 . 82 E 7r for /3s+ — 1 

(1-159) 

l-5g 

The Three-Body Decay Modes 3 tt° and 

77 + + 77~ 4- 77° 


We will treat these three-body decay modes by using the approxima- 
tion m n± — = m-jT. We will also make use of the empirical fact that 


the /<(? mode is that of a spinless particle that decays isotropically into 
an S state. 

The energy distribution function for the decay is given implicitly by 


2tt ... ,, /dN\ 

W= T M ‘ ,P \W 


(1-160) 


where w is the decay rate into the three-differential energy region 
specified by the energies of the three particles formed in the decay, and 
(IN/dQ is the density, in energy space, of the final states of the decay * 
with each degenerate state counted separately. 
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FIGURE 1-5. — The momentum vectors used 
in the derivation of equation (1-176). 


The quantity M is the matrix element for the transition from the K% 
state to the 37r state and is of the form 

M= (37t\K%) = (spin and parity part) J chi dr 2 dr^e u C e i€ ‘A e u z ! • • • 

OC ( €l€263 )-l/2 (1-161) 

where clr represents an element of space-time volume, the subscripts 
denote the three decay pions, and the e’s denote the energies of each of 
the three pions. Thus, 

M 2 a— — (1-162) 

€16263 

We define 

E = €1 + €2 + e 3 (1-163) 

and 

P = pi+p 2 + p 3 (1-164) 


in order to derive the phase-space part of equation (1-160). The derivation 
given here is essentially that given by Williams (1961). First, pi is 
specified, leaving p' and e f to be distributed among particles 2 and 3 as 
shown in figure 1-5. Then the phase-space volume for particles 2 and 3 
is given by 


U’ = 



(1-165) 


where P 2 ( 62 ) is the maximum momentum of particle 2 in direction 0 2 . 
The remaining integration over particle 1 is given by 


so that 



Pi clpiLT 


(1-166) 



(1-167) 
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and 


d> ® - d ‘ {%)„ = ie{t> *' iih p ' dpt r *’ pi dp ‘ 

( 1 - 168 ) 

Letting p 2 be the independent momentum variable, we can write 



dN __ dN dp i 
dE dp 2 dE 

(1-169) 

where 

dE __ d.€] de 2 de 3 

dp2 dpo dp 2 dpz 

(1—170) 

Now, €1 

is fixed, so det/dp* — 0 . We also note that 



e |, 3 = pi , 3 + m% 

(1-171) 

so that 

e 2 ,3 de 2 , 3 = P2,3 dp 2 ,3 

(1-172) 

or 

de 2 , 3 ... P 2. 3 
dp2 , 3 € 2, 3 

(1-173) 


Thus, from equations (1-170) and (1-173) we find 

dK = Pl + Pldp3 (1-174) 

dpz €2 €3 dp 2 

Since pi is fixed, and since fixing 0 2 merely specifies a coordinate 
axis, we have 



= — cos 62 , 3 = 


P2 : Pa 
P2P3 


(1-175) 


whereupon, by combining equations (1—168), (1-169), (1— 174) > and 
(1—175), we obtain the result 


_]jdN\ = V* € 2 € 3 pjfpf t/Ql ^fl 2 dpi 
\dE)~h* pl(E-e 1 ) -62P2 • (P- Pl ) 

Referring to figure 1—6, we can write 


(1-176; 


P:!~Pi +PlT 2 pip 2 cos 6 


( 1-177) 
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FIGURE 1-6. — The momentum vectors used 
in the derivation of equation (1-184-). 


so that 


p 2 ■ (P-pi) =p 2 • (P2 + P3) =P'i + P2 • p .3 = i{p\-Pi~Pl) 

“h p\ — P\P'> cos 0 (1-178) 

Substituting equation (1-178) into equation (1-176), we obtain 

r ( dN \ _ V _1 ddi dSh de i > 

\dE ) h 6 pf (e 2 + €3) + €zPiP2 cos d 


The integration over the arbitrary dCli yields 4tt. We can write dfl 2 in 
the form 

dfl -2 — 2n d( cos 6) (1-180) 

For a specified € 1 , we have 

de 2 + des = 0 (1-181) 

Using equation (1—181) in combination with equation (1-177), we obtain 

— e 3 de 2 = e 2 de 2 cos 6 de 2 + pip 2 d( cos 0) (1-182) 

P2 

Thus, 

— pipl d( cos 6) — [p 2 (ei + e 3 ) + e 2 pi cos 6] de 2 (1-183) 
whereupon equation (1-179) reduces to 


d 2 


'dN\ 

87 j 2 J /2 

dE) 

' “ h 6 


6i6 2 6 3 d€ 1 de 2 


(1-184) 


with the use of equation (1-183). 

Substituting equations (1-184) and (1-163) into equation (1-160), 
we find 

iv oz dei de 2 cc dt\ dt 2 (1—185) 

where t\ and t 2 are the kinetic energies of particles 1 and 2, xespectively. 
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Because of the three-way symmetry of the kinetic relations in the 
problem of the decay into three particles of equal (or approximately 
equal) mass, equation (1 — 185) can be better expressed in the form 

w cc dc dt k (£ ^ k, U * = 1, 2, 3) (1-186) 

This fact prompted Dalitz (1953) to introduce a plot of particle decays 
into a triangular energy space as shown in figure 1—7. 


y 



Figure 1-7. — The Dalitz triangle. 


In this plot, the perpendicular distances from each side are pro- 
portional to the kinetic energies t\ of each of the decaying particles. 
The geometry of the triangle insures that Y,t\ = Q, Q being the total 
kinetic energy, m K — 3/??,^, released in the decay. From figure 1—7, we 
can see that 


and 


3^Q 


,., Q-h 
y 3 Q 


(1-187) 


in units normalized to Q , so that a uniformity in dt\ dtk corresponds to a 
uniformity in dx dry . Thus, the uniform distribution of the decay points 
on the Dalitz plot, which is obtained experimentally, indicates a constancy 
in the matrix element M of equation (1-160) for the case of IQ decay. 

A more symmetric coordinate system for the Dalitz plot is obtained 
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by transformation to polar coordinates. In the polar coordinate system 
<P> </>) 

c i = hn K [l + Ap cos ( & — §7f) ] 


and 


€ 2 =ifflj{[l-hAp COS (<f> + § 7r)3 
€3 = i/tijr(l + ^p cos 0) 


( 1 - 188 ) 


where A = Qjm K (Fabri, 1954). 

The condition of conservation of momentum further restricts the 
allowed area in the Dalitz plot, since we have the triangular relations 


Pi ^P2 + P3 

and 
where 

Pi 2 , 3= ef, 2, 3 “"4 (1-190) 


P 2 ^ Pl + P3 
P3^Pl+P2 


(1-189) 


The limiting case is specified by the collinear distribution of momenta, 
where the equalities hold. From equations (1-188), (1-189), and (1-190), 
it is found that the limiting curve is given by 


01 

p2 = 2 

” max l + fl(l + p cos 3<n 


(1-191) 


so that all points on the Dalitz plot with p ^ p max are allowed. In equation 
(1-191) 


B = 


iA 

(1-id)* 


(1-192) 


The nonrelativistic limit of the limiting curve is obtained in the event 
that A — » 0, which implies B— > 0 and p max ^ Ql 3. Thus, the nonrelativis- 
tic limiting curve is a circle, as shown in figure 1-8. 

Equation (1—191) indicates only a slight distortion of the circle when 
relativistic effects are taken into account, since 

A — 0.19 B ^ 0.11 for IQ 37t° decay 
and (1-193) 


A ~ 0.17 


B ~ 0. 10 for IQ — > 7r + + 7T~ -b 77° decay 
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Allowed by conser 
vatlon of energy 


Allowed by both censer- 
vatlon of energy and con 
iservation of momentum 


Figure 1-8. — Kinematic boundaries on the Dalitz triangle. 


This small distortion will be further obliterated when the energy spec- 
trum is spread out by transformation from the ems of the decay to the Is. 
Thus, we will find the nonrelativistic approximation quite adequate. 

Referring to figure 1—9, we wish to find the energy distribution function 
<T(e) for one of the particles; the results for the other two particles will 
be identical from symmetry considerations. Denoting this energy (in the 
ems of the kaon) as e, we see from figure 1-9 that the probability for 
decay into the energy region between e and e + de is proportional to the 
area in the rectangle. (There is uniformity within the circular area.) Thus, 

4>(e) de = Kk(e) de (1-194) 



FIGURE 1-9, — The Daiitz diagram used in the derivation of equation (1-201). 


DECAY OF SECONDARY PARTICLES 

where K is a normalization constant, such that 


f € max 
J rn 


. e max 

4Re)c/e— 1— /< j X(e) c/e 


Referring to figure 1-9, we express X and e in terms of 0 as 

X — iQ sin 0 

e — rn 7T = iQ( 1 — cos 0) de = iQ sin 0 c/0 


and 
so that 


35 

(1-1.95) 

(1-196) 

(1-197) 


f f max 

K= I X de = 


A 
Air 


Ctt 2 02 $2 r ‘2 tt 

I —T— sin 2 <j> — — (1 — cos 2 0) c/0 

Jo " 9 Jo 


From equations (1-194) and (1-198), we find 


$(€ ) d€== Aky 2k{6) (h 


(1-198) 


(1-199) 


and, eliminating <j> from equation (1—196) by using equation (1-197), 
we obtain 


Me) =3 @ sin |2 


. / 3 e — wtir \ 1/2 n 

Sm \2 Q ) J] 


so that 


2 Q 

4>( e ) de=-Y S in { 2 [ sin- 1 (f 1 ^) 1 ' 2 


(1-200) 
de (1-201) 


Figure 1-10 shows <J>(e). 



411-892 0 - 71 -4 
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In the transformation to the Is, 


Thus 

where 

and 

Thus 


E 7r = y K ( € A- (S K p cos 0) 

Err, max TA' C? T* ~h A/{ ; m axj 


&K, max-^( e inax) Pk(IEk) 


K ( e max) K max 2 


{^Q + m^j —ml 


1 1/2 




Err, max Eft] 


fm^-Q l 


771k 


~ h 2 A^max 


(1-202) 

(1-203) 

(1-204) 

(1-205) 

(1-206) 


Again, we wish to determine the energy range of A§-mesons that 
produce pions of energy E n . In this case, however, we must take account 
of the finite range of decay energies E instead of the unique two-body 
decay energies we have previously considered. Setting rj = elniKi we 
again find 

Ek = (— V [i? + if3nK cos e']E n (1-207) 


but in this case, 77 and k are not constants but are functions of e. The 
quantities Q and K max are given by 

Q — 93.0 MeV K max — 0.560 for the decay K? 2 — > 37 t° (1-208) 

and 

Q — 83.8 MeV K max — 0.534 for the decay K$ — > 7T + At it~ + 7r° 

(1-209) 

Thus we obtain the limiting values for K%—> 3tt° decay from equations 
(1—203) through (1-205): 


and 


E k - 2.53^ for p K < 1 


( 1 - 210 ) 


^ 9.27^1 

Ek , min - T59E.J 


for — fi =* 1 


d-211) 
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For K ( l 

TP"' + 7i + 7r° decay 




Ex — 2.56 E n 

fOr (Sft 1 

(1-212) 

and 

Ek, max = 8.962*1 
= 1.64 Err) 

for [3 k — (3-n — 1 

(1-213) 


The appropriate constants for the two decay modes of A§ considered 
are 


£ = 6 

R = 0.265 

for A? — * 3 tt° 

(1-214) 

£ = 2 

R = 0.114 

for A§ — > 7T + + 7T~ + 7T° 

(1-215) 


We will thus neglect the small kinematic differences between the 
—> 37t° and K% — » tt + + tt~ -fi tt 0 decay modes and use the quantities 
derived for the t° mode, which contributes more than six times 

as many y-rays as does the K$ tt + + 7T _ + 7r° mode. 

We also note that 


o-(.Ejfo|g ,,) i 

(t(E K o\E p ) 2 


(1-216) 


This, together with equations (1—10) through (1-14), (1-99), (1-207), 
(1—214), and (1—215), yields the source spectrum 


qx*(Ey, r) = 11.43n(r) f dEpI{E p , r) 

J J E 


y+( y) 


dEjr 

(2*-m*)'/* 


X 


dedfte) f©’ hw+»<K«)«]g. dE K (T{E K \E„) 


n>' rr +2/3C! de<l>(e) ft„J 

Jm n K(e) J ,„ K y 




m-ml)* 


(1-217) 


1-6 SUMMARY OF VARIOUS KINEMATIC PROPERTIES OF 
THE IMPORTANT GAMMA-RAY-PRODUCING DECAY 
MODES 

In our discussion in the previous section, we established the Lorentz 
transformation equation for the two-body decay process given by equa- 
tion (1—69). When we evaluate the cosmic y-ray production spectrum 
later on, we will find it useful to give our results in the form of a log-log 
plot covering the many decade s. in energy w hie h are of astro physical 
significance. At this point, before we summarize the kinematic properties 
described in the previous section, we digress a bit to point out an addi- 
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tional symmetry property which holds for logarithmic energy spectra 
that is implicit in equation (1-69) for two-body decays. 

From equation (1-69), it follows that a particle which is the product of 
a two-body decay will have an Is energy which lies between the minimum 
and maximum values obtained when cos 0'=± L These values are 

Es, m n=E ve ('0-Pp) (1—218) 

and 

£s, m ax = £pr(T? + i3p) (1'219) 

where E PT and E s are the energies of the primary and secondary particles, 
respectively. We have replaced the quantity k in equation (1-69) by 
p to avoid confusion with the definition of k in the previous section. 
The product 

(E s , min ) (E s , max ) = (V ■ -0V )E\ t (1-220) 

We now define a geometric mean for the energy range of the secondary 
particle 

E s ^E s , m , n E s , m ^{r)*~Pp*y^E» v (1-221) 

Thus, in the nonrelativistic limit, 

E s - r)E pv (y == 1, j8 « 1) (1-222) 

where /x, as before, is the energy of the secondary in the rest system of 
the decaying primary. 

In the relativistic limit, 

E,= ( V 2 -p 2 ) 1/2 E pr == (M s /M pr )E pr = yM s (j8~l) (1-223) 

In particular, for photon secondaries 

Ey = V ( 1 " P 2 ) 1 l2 E pr = pi (1-224) 

We have thus proved an important kinematic property regarding the 
energy range of secondary y-rays that are the product of two-body decays; 
viz. 

The geometric mean of the energy range of secondary y-rays 
which are produced in all two-body decays is equal to the energy 
of the y-rays in the rest system of the decaying primary /x and is 
independent of the energy of the primary particle. 
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Also, since 


log E y = i(log Ey, min + log Ey, max) = log fX (1—225) 

it follows that, on logarithmic plots of the energy spectra of these y-rays, 
the rest-syste m e n e rgy fx w i 11 li e h alfw ay b e t w e e n t h e e x t re m u m energies. 

We are particularly concerned with decays that are isotropic in the 
rest system of the decaying particle, such as the 7 r° and 2° decays, which 
we have previously considered. For these decays, we have already shown 
that the resultant y-ray energy distribution function is only a function 
of the momentum of the primary; indeed this function is a constant 
which is inversely proportional to this momentum for a given primary, 
within a range proportional to the momentum of the primary, and 
vanishes outside this range. Thus, for decays of parent particles with a 
wide range of primary energies, y-ray spectra are generated which are 
made up of a superposition of rectangular spectra, as shown in figure 
1 — if Higher energy primaries produce the y-rays at the extremes of the 
spectrum. We therefore deduce a second important kinematic property, 
which holds for two-body decays that produce y-rays isotropically in the 
rest system of the decaying primary; viz, 

The energy spectra of y-rays produced isotropically in the rest 
system of the decaying primary will be symmetric on a logarith- 
mic plot with respect to Ey= jjl and will peak at Ey = fx. 



FIGURE 1-11. — Ideal superposition of y-ray energy spectra from tt 0 of particles having 

discrete values of energy. 




Chapter 2 


Gamma-Ray Production From Cosmic Electron- 

Positron Annihilation 


2-1 CROSS SECTIONS AND ANNIHILATION RATES 

As is well known, electrons and positrons may interact electro magneti- 
cally and thereby annihilate to produce y-rays. This annihilation may 
occur in the following ways. 1 

(1) A free positron may annihilate with a free electron to produce, 
most frequently, two y-rays; i.e., 


e + + e”-^y + y (2-1) 

(2) A positron and electron of low (typically thermal) energy may first 
combine to form a hydrogenlike system known as positronium. The 
positronium may then annihilate, usually into two or three y-rays. 

We can discuss these annihilations with much more confidence and 
exactness than we can discuss the y-ray production from high-energy 
inelastic collisions (as we will in a later chapter) because here we can 
use the results of quantum electrodynamics, which we know to be a very 
successful theory, whereas there is presently no really good theoretical 
understanding of particle production in high-energy interactions. Con- 
sequently, we will be forced to use a phenomenological description in 
the discussion of the high-energy processes. 

2-2 THE FREE-ANNIHILATION GAMMA-RAY SPECTRUM 

The cross section for free positron annihilation as a function of energy 
was first deduced by Dirac (1930). An excellent presentation of the theory 


1 Positrons may annihilate with bound electrons to produce a single photon, with momen- 
tum being conserved by the binding nucleus. However, the cross section for this process 
is always less than nrlZ h ((13>7)*, where the atomic number Z is almost always 1 or 2 under 
astrophysical conditions. Therefore, the single-photon annihilation can be neglected in the 
following discussion (Heitler, 1960). 
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is given by H eider (1960). The most important annihilation mode of the 
free electron -positron system is the annihilation 

e + + (2- 1) 

The frequency of this annihilation is 372 times greater than that of the 
free three-photon annihilation and we may neglect all but the two-photon 
mode in our consideration of the y-ray spectrum from free e + -e~ anni- 
hilations. (However, as we shall see later, the three-photon mode becomes 
important when we consider the effect of positronium formation by posi- 
trons of energies less than 5 keV.) 

The differential cross section for y-ray production in the collision cms 
of a free two-photon annihilation may be written as 


d °- = 2^p- c <t>(x\y)dx 


where <xo = tt/'o = 2.5 X 10~ 25 cm 2 , using the definition of the classical 
radius of the electron, r 0 — 2.8 X 10“ 13 cm; y is the Lorentz factor 

7 " ro • 


of the positron; /3 = 
are given by 



1/2 

; the cms Lorentz factor and the velocity 


Yc = 



and 



(2—3) 


X is the cosine of the angle between the incoming positron and the out- 
going y-ray in the cms; and <f)(x |y), the angular distribution function, is 
defined as 


<Mxlr) = 


l + ^(2-x 2 ) 


2 P *(1 ~ X 2 ) 2 
(1-W) 2 


(2-4) 


The energy of an annihilation y-ray in the Is is given by the Doppler 
relation as 

Ey= (m e c 2 ) y?(l + /3<-x) (2 _ 5) 


If we now define the dimensionless energy r\ = EyjnieC 1 , we may use 
equations (2 — 3) and (2-5) to determine the normalized distribution func- 
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tion that uniquely relates x to ^ ie laboratory Lorentz factor of the positron 
and the laboratory energy of the y-ray as follows: 

fix It, v) **2(y 2 - 1) - i/z s[x — xoiv, r)] 

where 

xoiv- y) = ( 2 - 6 ) 

The total number of y-ray s produced per second by a positron of energy 
ym e c 2 is 

Q 

7 J-i 

where n e is the number density of electrons in the medium. 

Therefore, the y-ray source spectrum from the annihilation of cosmic- 
ray positrons with a density n(y) cm -3 is given by 

Q( v ) = 4 n ( ,a 0 c dy J ^ d\ <f>ixMHx ~ Xoiv, y)l (2-7) 


We now wish to integrate over the delta function in equation (2-7). 
The result of this integration is to replace the last integral in equation 
(2—7) by a function <1 >(t 7 , y) such that 


(p(r), y) 


<£[Xo(i7, y), y] 

0 


for 

for 


Ix«l « 1 
IXo| > 1 


( 2 - 8 ) 


We may, therefore, replace the integral over d\ by the algebraic func- 
tion (f>[x 0 ( 19 , y), y] , provided the limiting condition on xo is transformed 
into a limiting condition on the integration over dy. The limiting condi- 
tions x<) = — 1 correspond to the relations 

T, ± = y?.(l±&) (2-9) 


It follows from equation (2—9) that the product 

v+v = yi ( 1 - Pc) = ft = i ( y + 1 ) ( 2 — 10 ) 

and the sum 


17 + + V- = 2y£ = y + 1 


( 2 - 11 ) 
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Therefore, r} + and T) are the roots of the quadratic equation 


7]- — 2y’f:q + y~ = 0 


which can he solved for y c in terms of rj to give 


or 


V 2 

2r)-l 


i(-y + D 


r,*+(ri-iy 

7 2r) — 1 


( 2 - 12 ) 


(2-13) 

(2-14) 


which is finite and positive for rj > 1/2 and has a minimum of y = 1 at 

i- 

Figure 2-1 shows the curve defined by equation (2—14) split into the 
branches defined by the physical extremes x“d:l. Also shown are the 
asymptotes 7] — 1/2 and 7} = y T 1/2, the line defining x = 0, and the 
shaded region corresponding to the physical values of |x| ^ 1. It can be 



Figure 2 1.— The kinematic limits on the positron Lorentz factor involved in the determi- 
nation of the laboratory energies of the annihilation y-rays produced (Stecker, 1969a). 
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seen from figure 2-1 that the physical range of y defined by the shaded 
region (|xl ^ 1) is bounded on the bottom by the curve of equation 
(2“ 1 4 ) a n d i s unb o u n d e d o n t h e t o p . 

Figure 2-1 indicates that no y-ray can be produced from an annihila- 
tion process that has an energy less than or equal to hn e c 2 . This physical 
restriction may be seen more clearly as a direct consequence of equation 
(2-9), since 


where 


7]^^rj^r)+ 


T}- = y!(l-/3e) 


= = >1 

1 —fie 1 +j8c 2 


(2-15) 

(2-16) 


Thus 7]— may approach, but never reach 1/2 as y c —■ * 00 . On the other hand 


Tj + = y|(l+^ c )=—j— 

-t Pc 


(2-17) 


which increases without bound as y c — > 00 . 

The general restriction on the range of 77 may be designated by the 
introduction of the Heaviside step function // f (770) , which is defined 
by the relation 


H + (v 0) 


for T) > 7)0 
for 7) ^ 7)0 


(2-18) 


We may therefore rewrite equation (2-7) in the form 


<2(r?)^4// H 


l) n '- {r ' c lw dj y(^-l ) 1 ' 2 y) ’ y] 


where 


G(v) 


r) 2 + (77 -l) 2 
277 — I 


(2-19) 

( 2 - 20 ) 


From the general results which we have obtained, we can immediately 
arrive at formulas for asymptotic spectra that can be used as guides in 
the examination of the results of numerical calculations. These are 
obtained as follows: 

(1) For two-photon annihilations at rest, it follows from equation 
(2-5) that the annihilation y-ray spectrum (AGS) is simply a line 
at energy 77=1 (0.51 MeV). This is, of course, a familiar and 

expected result. 

( 2 ) The AGS from the two-photon annihilation of an ultrarelativistic 
positron may be obtained from a consideration of the angular 
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distribution function &(x |y), given by equation (2-4). At ultra- 
relativistic energies, the angular distribution function peaks sharply 
at x ~ — 1 s 0 t hat t h e y - rays re s ult i n g fro m t he a n n i hilat i o n lie 
cl o set o t h e a s y m p t otes of figure 2~ 1 ; v i z , 7} = 1/2 a n d r) = y + 1/2. 
This result, as pointed out by Heitler (1960), may be discussed 
physically as follows: In an ultra relativistic annihilation, the 
resultant photons are emitted in a sharply backward and sharply 
forward direction in the collision cms. In the Is, the forward photon 
carries off almost all the energy of the collision and the backward 
photon carries off an energy between about 0.25 and 0.5 MeV. 
Therefore, the AGS for rj > 1 may be obtained by using the ap- 
proximate production cross section 

o- A (v\y)~ o-A(y)8(t] — y) for ~q > 1 (2-21) 


The total cross section for free annihilation of positrons into y-ray 
pairs was first calculated by Dirac (1930) and is given by 


(T A - 


Oo 


y+1 


' 2±*t±l i„ [ r+tf -OT *±2- 


L (y 2 — 1) 1/2 


(r 2 “D 1/2 J 


( 2 - 22 ) 


At nonrelativistic energies (y — 1), equation (2—22) reduces to the 
asymptotic form 


0-4— » 


cr 0 y 

(r 2 "D 


CT 0 


1/2 


(P«l) 


(2-23) 


At extreme relativistic energies (y 1), equations (2—21) and (2—22) 
reduce to the asymptotic form 


o ' a - 


cr 0 


In (2y) - T 


(y> 1) 


(2-24) 


and Q(r]) — * n e crocn(r}) [In {2iq) — 1] I r) as has been noted by Ginzburg 
and Syrovatskii (1964). A free positron and free electron may also anni- 
hilate to produce three or more y-rays. The cross section for the process 


is of the order 
where 


e + + ty 
(T Ai iy~a^" 2) a Ai 2y 

_ e 2 _ 1 

a he 137 


(2-25) 

(2-26) 


(2-27) 
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The cross section for three-photon annihilation in the nonrelativist ic 
limit (J3 1) is also inversely proportional to (3 and is given by Ore and 

Powell (1949), 


a-, 1 , 3 '/^! (tt 2 — 9)a^| /3 <§ 1 

_ &A , 27 

372 


(2-28) 


In our discussion we can neglect processes involving £ > 3, where cross 
sections contain increasingly large factors of a. 


2-3 THE ANNIHILATION GAMMA-RAY SPECTRUM FROM 
POSITRONIUM FORMATION 

A positron and electron of low (typically thermal) energy may first 
combine to form a hydrogenlike system known as positronium (which 
we will here designate by the symbol II). The positronium may then 
annihilate into y-rays. We must therefore consider processes of the type 

+ (2-29) 

kr 

Here again, we can neglect processes involving £ > 3. 

The positronium system, which is similar in structure to the hydrogen 
atom, can exist in the ground state (L = 0) either as a triplet ( 3 Si), called 
orthopositronium by analogy with the spectral designation for hydrogen, 
or as a singlet dSo) called parapositronium (also by analogy with hy- 
drogen). In the triplet state, the spins of the electron and positron are 
parallel, whereas in the singlet state they are anti parallel. Since the 
positronium system has well-defined values of the quantum numbers L 
and S and has no net charge, the system is in an eigenstate of charge 
conjugation. 

The positronium annihilations, unlike the free annihilations, obey 
selection rules since positronium is in an eigenstate of charge conjugation 
C, and C is conserved in electromagnetic interactions. 

If £ photons are produced in the final state, then 

C=(- 1)< (2-30) 

It can be shown that under particle exchange, positronium obeys a 
kind of generalized Pauli principle and changes sign. The exchange of 
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particles involves the exchange of the product of the space, spin, and 
charge-conjugation parts of the wave function. Therefore, 

(-1)'(-1) S+1 C = -1 (2-31) 

where I is the orbital angular- momentum quantum number and S is the 

spin quantum number. By combining equations (2~30) and (2-31), we 
obtain the selection rule 

Z + S = £ (2-32) 

We may therefore specify the processes given by equation (2—29) as 


and 


nos®) 

(2-33) 

n (*Si) 

(2-34) 

L>3y 



Processes involving l 0 can be neglected (Deutsch, 1953). 

The positronium annihilation rate, or inverse lifetime, is equal to the 
product of four times the free-annihilation cross section, the relative 
velocity of the electron and positron, and the overlap probability of the 
electron and positron wave functions. The factor of 4 is required because 
the free-annihilation cross section is an average over all four possible 
relative spin orientations of the positron and electron; viz, up-up, up- 
down, down-up, and down-down; whereas the positronium system anni- 
hilates from a definite orientation state. 

If we designate the probability density of the wave function as the 
square of its absolute value in the usual notation, we then find 

T27 = 4>cr A ,2yv\*p(0)\ 2 


= 4?7ri% — i> — ( — — ) 
V 77 * \ Z(lo J 


r o c , c 

(2-35) 

2 aj| a 2 a 0 

■■or* — = 1 .25X10- 10 8 

(2.36) 


c 


where cio is the Bohr radius given by 


cio = a~ 2 ro = 5.29 X 10 -13 cm 


(2-37) 
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v is the electron velocity and |^(0) | is the absolute magnitude of the wave 
function at the origin of the system. The effective Bohr radius for posi- 
tronium is twice that of hydrogen, and this is taken into account. The 
factor |i/f(0)| 2 is just the effective electron density seen by the positron. 

The lifetime for positronium annihilation into three y-rays is derived 
from the free-annihilation cross section given by equation (2-28) through 
the use of the same method as that used in the derivation of equation 
(2~36). We thus obtain (Ore and Powell, 1949) 


2 cfic 

or 

T, S ,->3y= 1-4 X 10“ 7 S 


This result can also be expressed as 


Oy,3Y _ g T3S?-> 3y 
0~f,2Y T 2y 


(2-38) 

(2-39) 


(2-40) 


Here again, the factor of 3 in equation (2-40) expresses the difference in 
probability between a singlet and triplet interaction (3/4 versus 1/4). 

The lifetimes for both the two- and three-photon annihilations of 
positronium are so short that for galactic y-ray production, we may 
consider the annihilation to take place effectively at the time that 
positronium is formed. Since the probability for positronium formation 
in the triplet state is three times the probability for positronium forma- 
tion in the singlet state, it follows from equations (2-33) and (2-34) that 
3/4 of the positronium formed in the galaxy undergoes three-photon 
annihilation. 


2-4 THE GAMMA-RAY SPECTRA FROM ELECTRON- 
POSITRON ANNIHILATION 

The energy spectrum of the two-photon annihilation in the ems of the 
electron-positron pair is a single line at Ey= m e ~ 0.511 MeV, as can 
easily be seen from considerations of conservation of energy and 
momentum. The natural width of this line due to the uncertainty principle 
is small, being on the order of 
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Dominant broadening can be expected to be due to the Dopp^ er effect, 
and is of the order 

M m AEL o (2-42) 

E ' m e c 2 

The effect of astrophysical conditions on the broadening of the 
0.51-MeV line from two-photon annihilation can be determined as follows: 

In free e + -e~ annihilations, we may consider a gas or plasma at 
temperature T. Then the distribution of the component of particle 
velocity along the line of sight of the observed y- ray is of the form 

(2-43) 
(2-44) 




Figure 2-2. — Energy spectrum of y-rays resulting from the three-photon annihilation ol 
an electron and a positron. The abscissa is the photon energy in units °f wi-t*c , and the 
ordinate is proportional to the number of photons per unit energy interval (from Ore and 


Powell, 1949). 
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It follows from equations (2-42) and (2-43) that the spectral-line shape 
has the gaussian form 

ftv) dr) = exp |j— 6 ^ j dr) (2-45) 

Equation (2—45) has the same form as equation (2—43), since the number 
of collisions involving velocity v is proportional to av — croc, independent 
of v. 

The magnitude of the broadening is of the order 

A-n = ( — ) = b-d' 2 = 1.8 X 10~ s T lli (2-46) 

\ m eC~ J 

so that for T — 100 K, A E — 10 _1 keV. However, we have shown in the 
last section that most of the annihilations near rest occur following the 
formation of positronium by positrons having an average energy of about 
35 eV. It therefore follows from the results of the previous section and 
equation (2-42) that 75 percent of the resultant annihilations occur via 
the three-photon channel and 25 percent produce a two-photon line with 
a Doppler width of about 5 keV. 

The energy spectrum from the three-photon annihilation is continuous, 
as allowed by conservation of momentum. It has been calculated by Ore 
and Powell (1949) to be of the form 


F(r)) 


2 [ 17(1 — i?) 

77 2 — 9 _ (2 — r))' 2 


2 ( 1 - T ?) 2 

{2-v) 3 


In (1 — tj) 


2- V , 2(1-7?) 


V 


V 


In (1 vY 


(2-47) 


The function F(v) is shown in figure (2—2). F( v) is normalized so that 
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411-892 0 - 71 -5 




Chapter 3 


Gamma-Ray Production From Cosmic Proton- 

Antiproton Interactions 


3-1 INTRODUCTION 

A topic of importance to both cosmology and particle physics is the 
existence or nonexistence of antimatter in the universe (Alfven, 1965). 
It is therefore of interest to determine the extent to which y-ray as- 
tronomy may be useful in determining the existence of cosmologically 
distributed antimatter and antimatter sources in which matter-anti- 
matter interactions take place. 

For the purpose of discussion, we define the terms “RG” and “CR” 
as follows. An RG (rest-gas) proton (or antiproton) is one possessing 
negligible kinetic energy with respect to the surrounding gas in an 
astronomical system. For example, nuclei of the galactic interstellar 
gas clouds from which stars are formed may be considered RG nuclei. 
A CR (cosmic-ray) proton (or antiproton) would be one possessing 
relativistic energy. We may thus envision four situations for discussion 
in which matter and antimatter might interact: 

(1) RG matter + RG antimatter (RG-RG) 

(2) RG matter + CR antimatter (RG— CR) 

(3) CR matter + RG antimatter (CR-RG) 

(4) CR matter + CR antimatter (CR-CR) 

Although astrophysics has revealed many surprising phenomena, we 
would be hard put to imagine a system in which the number of RG 
nuclei did not greatly outnumber the number of CR nuclei. Indeed, the 
evolution of such a system from a more balanced one would violate the 
second law of thermodynamics. Therefore, if we let the number of RG 
nuclei in a typical system be N and the number of CR nuclei in the 
system be of the order e/V, with e<^l, then typical interaction rates 
would have the properties 
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R( CR-CR) R( CR-CR) 
R(C R-RG) /? (RG-CR) 


R(CR-CR) 

R(RG-RG) 


( 3 - 3 ) 


We will thus assume that the likelihood of CR-CR interactions is 
negligible compared to the likelihood of RG-CR or CR-RG interactions 
that will produce y-rays of similar characteristics, and we may limit 
ourselves to the discussion of RG-RG and RG-CR (or CR-RG) inter- 
actions. 


3-2 THE GAMMA-RAY SOURCE SPECTRUM 

The y-ray source spectrum from p-p interactions of the RG-CR 
type is given by (cf. eqs. (1-10) through (1-14)) 

<?rg~cr(£V) =477rtp(r) J dEpI(Ep, r) J dE s or s (E s \Ep) 

x 2 £r*Ry*f*(Ey\E,) (3-4) 

d 

For interactions of the CR-RG type, we use the corresponding 
expression 

9cR-R«(£y)=477rp(r) j dE p I(E p , r) £ j dE s <r s (E s \E p ) 

X 2 iydRydfds{Ey\E s ) (3-5) 

d 

The notation for equations (3-4) and (3-5) is the same as that used in 
chapter 1. The quantity n(r) is the number of target nucleons in the 
medium per cubic centimeter as a function of position; I(E , r) is the 
differential cosmic-ray particle flux in cm” 2 -s _1 -sr _1 -GeV _1 . The sub- 
script p stands for proton, p for antiproton, 5 for secondary particle 
produced in the collision, and d for decay mode. The production function 
cr s (E s \Ep) represents the cross section for production of secondary 
particles of type 5 and energy E s in a collision of primary energy E p , 
represents the number of y-rays produced in the decay mode d , Ry d is 
the branching ratio for the decay rnode t/ (the probability that a secondary 
particle 5 will decay via mode d) and f ds {Ey\E s ) is the normalized 
distribution function representing the probability that a secondary 
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particle with energy E s will decay to produce a y-ray of energy E y . For 
the purposes of discussion, we will restrict ourselves to p—p interactions. 
The situation for matter-antimatter annihilations occurring near rest: 
is somewhat different. In this case, we will find it more convenient to 
speak of particle densities instead of fluxes or intensities. We thus 
make the transformation 

I dEkh (E k , r) -> J dv vf(v) = (3-6) 

where v is the relative velocity between the annihilating nucleon and 
antinucleon, which we can consider to be a thermal velocity, and/G) is 
a normalized distribution function representing the distribution of rela- 
tive velocities between the interacting nucleons. 

The y-ray source spectrum from p—p interactions at or near rest is 
given by 

Qw.-W. (Ev) = n p (r)rip(r) I dvf{v)v ^ 

J S 

X^CydRyaUiEylEs) (3-7) 

d 

The form of equation (3-7) suggests that the introduction of the term 
“emission measure” be defined in analogy with its use in astrophysics 
(Shklovskii, 1960). 

We therefore define the “emission measure” B as 

B = J dnip ( r ) rip ( r ) (3-8) 

It follows from equation (3“7) that 

Im-m(Ev) =T J drq(r)aB (3-9) 

3-3 CROSS SECTIONS FOR PROTON-ANTIPROTON ANNI- 
HILATIONS NEAR REST 

We now state more precisely w T hat we mean by a “rest gas.” We define 
a rest gas to be a gas of particles such that no particle in the gas has an 
energy greater than 286 MeV^ This rather liberal definition of rest is 
sufficient to insure that the only secondary particles produced in RG-RG 
interactions that yield y-rays are secondary mesons produced by nucleon- 


j dE s cr s (E s \v) 
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antinucleon annihilation. Our restriction leaves out interactions of the 
type 

p + P — » p + P -h 7T° (3-10) 

since the threshold for reactions of this type is 286 MeV. (See ch. 1.) 
Since the threshold for nonannihilation, inelastic, p— p interactions that 

produce p artic les other than 7r°-mesons is even greater, it follows that 
in the RG-RG case, only annihilations; i.e., reactions of the form 

p + p— » bosons (3-11) 

L* neutral pions 

U y-rays 

need be considered. 

Table 3—1 lists the experimental cross sections for free p-p annihila- 
tion as a function of incident antiproton kinetic energy at accelerator 
energies. Also listed are /3 cms and the product of the annihilation cross 
section (ou) and cms velocity (j3 cms ). It can be seen from table 3—1 that 
the product of cms velocity and annihilation cross section is constant 
over a very large energy range. For nonrelativistic energies, 

Pcm S«ij8 (P<1) (3-12) 


fi being the relative velocity of the particles. We find experimentally 
that 


4.8 X 10~ 26 cm 2 1 .4 X 10- 15 cm 3 -s~ 


(3-13) 


Table 3-1 . —Experimental Cross Sections for p-p Annihilation as a 
Function of Incident Antiproton Kinetic Energy 


Ty n MeV 

o%t, mb 

fiy. cms 

fiyo-A* mb 

Reference 

25 to 40 

192 ±34 

0.13 

25 

Loken and Derrick (1963). 

45 

175 ±45 

.15 

26 

Cork et al. (1962). 

40 to 55 

155 ±27 

.16 

25 

Loken and Derrick (1963). 

55 to 80 

118 ±26 

.20 

24 

Loken and Derrick (1963). 

90 

A AC 

101 ± 9 

.22 

22 

Cork et al. (1962). 

145 

99 ± 8 

.28 

28 

Cork et al. (1962). 

245 

66 ± 6 

.36 

24 

Cork et al. (1962). 

7000 

23.6 ± 3.4 

-1 

24 

Ferbel et al. (1965). 
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At all energies above 25 MeV, we find that table 3-1 agrees with the 
theoretical cross section 


taking 


a a = 



(3-14) 


r p = 0.87 X 10~ 13 cm 


(3-15) 


as the proton (or antiproton) radius and using the model of Koba and 
Takeda (1958) in which the nucleon acts as a black absorbing sphere of 
radius /> 

At lower energies ( < 10 MeV, which correspond to annihilations of 
matter and antimatter gases at a temperature < 10 11 K), coulomb 
forces play a dominant role in the matter-antimatter interaction process. 
At energies < 100 eV, bound systems of protons and antiprotons can be 
formed as an intermediate stage before annihilation. The situation is 
similar to the case of positronium formation discussed in the last chapter. 
As was the case there, we find that under astrophysical conditions, the 
lifetime of the p—p system against annihilation is much shorter than 
its lifetime against breakup, so that the cross section for bound-state 
formation becomes the effective annihilation cross section. Until recently 
the effect of coulomb interactions on matter-antimatter annihilation was 
largely neglected and theoretical cross sections for bound-state formation 
processes had not been calculated. However, recently Morgan and 
Hughes (1970) have calculated the cross sections for the radiative capture 
processes 

e _ 4-e + — » U e A-y 

and 

P + p-> + 7 

and the atomic processes 

H + H -> n p + (n*or e- + e+) (3-18) 

H 2 + H -» n p -b (lie or e _ + e + ) 4- (H or p + e~) (3-19) 

H 2 + H 2 — » 2 llp-h (various combinations of 2e _ , 2e + ) (3-20) 

H 2 +H 2 ^n^+ (lie or e + + e _ ) + (various combinations ofp,p, e + , and le”) 

(3-21) 


(3-16) 

(3-17) 


(3-22) 


p+n->n p J re + 

p-\- H 2 n ? ,4- (n e or e + + e") + (H orp+e + ) 


(3-23) 
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e“ + H— >11 e + p (3-24) 

and 

e + +H->n e +p (3-25) 

where we have used the symbols n p and ll e to denote the bound states 
of the p-p and e““-e + systems, respectively. Reactions (3-24) and (3-25) 
have already been discussed in the previous chapter with regard to the 
annihilation of secondary cosmic-ray positrons in a tenuous neutral 
hydrogen gas. The cross sections for these reactions, as calculated by 
Cheshire (1964), will be given in a later chapter. With regard to p-p 
annihilation in intergalactic space, three processes in particular can be 
expected to be of the greatest importance: 

(1) Direct annihilations, such as (3-11), at energies greater than 10 
MeV, where the cross section can be well represented by equations 
(3-14) and (3-15). 

(2) Direct annihilations at energies below 10 MeV, where the mutual 
coulomb attraction of the proton and antiproton distort the 
wave functions of the two particles with a resultant increase in the 
direct-annihilation cross section. When the cross section given by 
equation (3~14) is corrected for this effect, the cross-section 
formula becomes modified to 


27 Ta/P 77T| 

1— exp (—27 Talp)p cms 


(3-26) 


where a is the fine structure constants For p-p interactions at ener- 
gies much less than 4 MeV, where /3 < 2i ra, equation (3-26) re- 
duces to 


c Ta 


Arr 2 ar^ 


/3 < 2ira 


(3-27) 


Thus, at an energy of about 4 MeV, there is a transition in the 
velocity dependence of the annihilation cross section from 
(Ta ~ /3” 1 to a a ~ /3“ 2 . The same is true for electron-positron inter- 
actions at energies of the order of 2 keV where ~ 27m. 

(3) In interactions between neutral atomic gases of hydrogen and anti- 
hydrogen at thermal energies, the H~H rearrangement collision, 
reaction (3—18), becomes the dominant mode of p—p annihilation. 
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Morgan and Hughes (1970) have calculated the annihilation cross 
section for this reaction and found that, to within 20 percent for 
energies between 10“ 3 and 1 eV (corresponding to thermal veloc- 
ities at temperatures between 10 K and 10 4 K) 


&h-h, a “(0.31 oj ) j8 _0 - 64 


(3-28) 


where cio is the Bohr radius of the hydrogen atom. 


Radiative capture reactions of the form of equation (3-17) can be 
shown to be insignificant. The cross section for annihilations of this type 
(Morgan and Hughes, 1970) is 

1^ + 0.20 + 0.25 (|)" B ] p (3-29) 

Equation (3-29) is accurate to within at least 1 percent when fi ^ a/7 
and is exact in the limit as /3 — > 0. The radiative capture cross section 
for the electron-positron system, viz, n e + y, is given by the 

same formula without the quantity (pte/nip) 2 . For p~p annihilations at all 
energies of interest a a , r ^ cr A ; however, in the case of electron-positron 
annihilation (in an ionized medium) c r A ,r> cr A for interactions at energies 
less than 20 eV. 

In figure 3-1 we give the cross section versus temperature, energy, 
and thermal velocity for the reactions expected to be of importance for 
cosmological problems (intergalactic p—p annihilations). Figure 3-2 
shows the values for total-annihilation cross section times velocity (pro- 
portional to the annihilation rate) calculated by Morgan and Hughes, 
which should be valid for astrophysical and cosmological problems at 
the temperatures and kinetic energies indicated. 

We may now make use of equations (3-17), (3-18), (3-27), and (3—28) 
in order to reduce equation (3-7) to a simpler form. To do this, let us 
assume that matter-antimatter annihilations are taking place at thermal 
energies in three temperature regions defined as 

Region 1 : 10 11 K < T < 10 13 K 

Region II : 10 4 K<T< 10 11 K (3-30) 

Region III: 10 K < T < 10 4 K 

It follows from the equations cited above that in each of these regions 
the annihilation cross section varies as some inverse power of the veloc- 


<r A , 


128 

3V3 


tfms-Y 

\m u J 



KINETIC ENERGY IN CENTER OF MASS SYSTEM (eV) 


Figure 3-L — Proton-antiproton annihilation cross sections as a function of temperature 
and kinetic energy for free nucleons and atoms (Morgan and Hughes, 1970). The curve 
marked a p takes into account the mutual coulomb attraction between the proton and 
antiproton; the curve marked oy is an extrapolation from the accelerator data that 
fails to take this effect into account. 

ity. We can write an expression for this cross section for each of the 
temperature regions defined above thus 


Region I : 

cr(E s \v) =<7^ 

Region II : 

cr(E s \v) = o-„ 

Region III: 

a(E s \v) = o-„, 

where 

o - ! = 4.8 X 10~ 

and 

CT|[— 2.2 X 10 


o" in = 2.6 X 10" 


(3-31) 


(3-32) 
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KINETiC ENERGY (eV) 


10 -5 10'" 10' 3 1G' 2 10 _i 1 10 100 iO 3 10 4 10 s 10 6 10 7 10 s 1G 9 



FIGURE 3-2. — Cross section times velocity for hydrogen-antihydrogen annihilation of 
nucleons given as a sum for the interactions shown in figure 3—1 integrated over a Max- 
well-Boltzmann distribution at temperature T and taking ionization into account (Morgan 
and Hughes, 1970 ). (a) cr H+ H (extrapolated. ( b ) cth+h (calculated), (c) a u+ h, o> + h, and 
oy t p. multiplied by appropriate factors to take account of fractional ionization. ( d) <r p +p, 
taking coulomb attraction into account, (e) cr p+ j„ from high-energy accelerator data. 


We will write for all three regions 

cr(£»=<r,(^" 8 '/(£: s ) 


(3-33) 


where 5* is the exponent of the power-law velocity dependence of 
cr^sl*;) as given in equation (3-31) and where, as in previous discussions 


/; 


dE s f(E s ) 


(3-34) 


If we assume that the velocity distribution of the interacting nucleons 
and antinucleons is thermal and can be represented by the normalized 
maxwellian distribution 


Jm(v) 



(3-35) 
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at some given temperature T ; and in addition , if we define a normalized 
energy spectrum of the y- radiation in the rest frame of the gas, 


iyf(Eyo) = 2 dE *f( E s) 2 U Eyo\Es) (3-36) 

.<? J d 


and smear it out by the distribution function, 

me 2 ( Ey — Ey^Y] 

(3_37) 


0(£,|£„)-(^)“e X p 


to take account of the thermal Doppler broadening of the y-ray spectrum, 
we may write equation (3-7) in the form 

Sc- (£V, r) = n p { r) re-(r)<r ( c 8 i{7 ^) ' (jCj ' 

X J dvv «~ & dexp (-g^) | <ffiyoZ>(£y|£yo)/(£yo) .(3-38) 
From the relation 

<3-39, 

where T(^) is the well-known gamma function 

T(*) = | c/y 3^~i e ~ y 

< Jo 

which has the property, for integral arguments, 


(3-40) 


r(w+i)=M 


(3-41) 


equation (3—38) may be further specified to read 
Qnc.-RcXEy, r) = n p ( r) « /5 (r)a-/c 8 /£y ~- 2 T ^2 — 

X 1 1 ” 8 /) J dE y 0 D ( Ey | £yo ) / ( £yo ) ( 3 -^2) 

Let us now utilize equation (3~42) to specifically discuss the tempera- 
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tore regions I, II, and III defined earlier. In region I, = 1, and therefore, 
from equation (3—7), 


civ /( v ) v<y x cv ~ 1 = CT\C 


dvf(v)v ■ ir 1 





(3-43) 


since J dv f(v) = 1 by definition. 

We therefore find that in region I, 

<7rg-hc: (Ey, r ) = n p (r)nj (r)cr,c£y J dEyoD(Ey\Ey 0 )f(Ey 0 ) 

for 10 11 K < T < 10 13 K (3-44) 

In temperature regions II and III, we cannot make the simplification 
given by equation (3-43); however, we can make a different simplifica- 
tion. In these temperature regions, f3 < l, and Doppler broadening due 
to thermal effects provides only a negligible distortion on the y-ray 
spectrum. Thus, in these temperature regions, we may write 

D{Ey\Ey Q ) - 8(Ey-Eyo) (j8 1) (3“45) 

and therefore 

J dEy 0 D(Ey\Eyo)f(Eyo) ~f(Ey) (3~46) 


In region II, 3 n = 2, and by reducing equation (3-42) and making use 
of the approximation (3-46), we obtain 


<7 r g-rg r) = n p {r)np(r)(TucCy f(E y ) 

for 10 4 K < 7 1 < 10 11 K (3-47) 


In region III, 8 m =0.64, and again reducing equation (3-42) and using 
the approximation (3-46), we find 


< 7 rg-rg (£y> r) = n J ,(r)np(r)tr 1 II c^> 


7 r 


1/2 


r(i.68) 


(2 kT_y A 

\ me 2 ) 


f(Ey) 


for 10 K < T < 10 4 K (3-48) 


We will consider more detailed applications of equations (3-44), 
(3-47), and (3-48) in a later chapter when we consider cosmological 
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formulations of these equations. However, it might be useful, at this point 
to consider a simplified numerical example of these equations. 

Present theoretical conceptions, based on recent empirical studies, 
indicate that the intergalactic medium is probably a very tenuous ion- 
ized gas with an average density of 10~ 7 to 10~ 5 atom per cubic centi- 
meter at a temperature between 10 4 and 10 6 K, which places it in our 
temperature region II. It is found experimentally that approximately 
three y-rays of energy greater than 100 MeV are produced for each p-p 
annihilation (i.e., £y=3). From equations (3-8), (3-9) and (3-47), and by 
taking T= 10 6 K, we find 


r 35 (2mc*Yi 2 

War. ( £ y > 100 M «V) “ ^ <r„ c ) 

- 4.1 X 10-wfl (cm^-s-'-sr-') (3-49) 

Recent measurements (Clark, Garmire, and Kraushaar, 1968) have 
indicated that the isotropic flux of cosmic y-rays in this energy region is 
< 10” 4 cm -2 -s" 1 -sr _1 . This places an upper limit on the emission 
measure 5 : 

B ^ 2.4 X 10 9 cm- 5 (3-50) 

and, from equation (3-8), indicates that by dividing by the visible radius 
of the universe 5„, 

(npiip) =-§- < 2.4 X lO -19 cm- 6 (3-51) 

Ku 

Thus, if n p > 10“ 7 cm" 3 , the mean density of antimatter in intergalactic 
space is 2 X 10" 12 particles per cubic centimeter. 

We will now go on to calculate the energy spectrum f(Ey). 


3-4 MESON PRODUCTION AND THE STATISTICAL MODEL 
OF MATSUDA 

In considering the production of mesons from p-p annihilation, we 
refer to the simple statistical model of Matsuda (1966) and the data of the 
Columbia University group presented in the Matsuda reference. 

The Matsuda model assumes that shortly after annihilation the total 
energy of the p—p system (equal to 2 m v ) is distributed in an interaction 
volume il and that the system reaches thermal equilibrium. ISince in the 
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annihilation the wave packets of the two particles completely overlap in 
an S state, then for 


ft- 



3 


77 fi 


^(0 


expt 


a 


(3-52) 


cr = 



(where n s is the density of secondary particles produced) we find that 
the mean free path of the meson produced, / mfp , is 


/ 


mfp 


— ^10-iX 
n s cr 


st 


(3-53) 


for an experimentally observed average number of mesons produced, 
£ expt , where \ st is the distance traveled by the meson during the strong 
interaction in time t st — Kt c ~ l — 10 ~ 23 s. Thus, we find that there is enough 
time available for the created mesons to collide with each other and 
reach thermal equilibrium before they leave the interaction volume ft. 
Matsuda then assumes that there exists a quantized energy level e T > 0 
for each type of meson (r~7r, p, o>, r \ , K , /£*, etc.) produced in the anni- 
hilation. The whole system reaches a thermal equilibrium given by the 
parameter <b=\jkT at temperature 7\ which is therefore the same for 
each nonstrange boson (type a = 7T , p, co, 77 , etc.) or strange meson pair 
(type v = KK, K*K *, etc.). We designate the statistical weights by 

sy=(2S T +l)(27\+l) (3-54) 

T r being the isospin of particle r. Because the created mesons are bosons, 
we obtain 

<(’1=-^-, «- 55 > 

Matsuda then introduces the chemical potential parameter eo asso- 
ciated with the production of each particle and related to the observed 
average energy ( E T ) of each particle through the relation 


e T =(E T )-e 0 (3-56) 

which must satisfy the condition 


6 o < (Ej) 


(3-57) 
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so that for nonstrange mesons equation (3 — 55) becomes 


<w 


$ <x 

exp -e 0 )]-l 


For pairs of strange mesons, equation (3-55) becomes 


(3-58) 


<» = .* P ww-fc.n-1 (3 - 59) 

since the formation of each meson involves energy e 0 . 

The observed average energies of the various mesons produced in 
p—p annihilations at rest are listed by Matsuda and given here in table 
3-2. We find that by specifying 

X = 150 MeV 
<f> 

and (3-60) 

6o=295 MeV 

we obtain excellent agreement with the experimental production rate, 
as shown in table 3-2. The total average number of produced particles 
calculated from equations (3-58) and (3-59) is 

<fri*tai> = 2 Or) + 2 2 <£„> = 4.37 ( 3 - 61 ) 


Table 3-2 .—Average Energies and Production Rates for Various Par- 
ticles Produced in p-p Annihilations at Rest 

[Matsuda, 1966] 


T, 

particle or pair 

Average 
energy, MeV 

Calculated 
production rate 

Experimental 
production rate 

7 r 

380 

3.96 

3.94 ±0.33 

P 

850 

2.3 X 10” 1 

(2.5 ±0.6) X 10 _1 

to 

940 

4.2 X 10-2 

(4.5 ±0.7) X 10-2 

V 

860 

2.4 X 10-2 

(1.4 ±0.5) X lO- 2 

KK 

(/<)660 

3.1 x 1(F2 

(3;3±i:6) x 10-2 

KK*, KK* 


20.6 x 10- 3 

(8.8± 1.8) x lO- 3 

K*K* 

(A*)980 

3.8 x IQ- 3 

(3.9 ±0.7) x lO- 3 
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The value given by the experimental results is 

( C Total ) expt “4.34 (3 62) 

which also agrees well with the calculation. 

Both the experimental data and the simple statistical model of Matsuda 
indicate that in p-p annihilations at rest, p-meson production is an order 
of magnitude less important than pion production and that production of 
other mesons is at least two orders of magnitude less frequent than pion 
production. Table 3-3 shows the decay schemes of these mesons that 
lead to final-state y-rays and other relevant data. Table 3—4 shows some 
recent data on meson production indicating that about 20 percent of the 
y-rays produced arise through nonpionic meson production. The largest 
nonpion contribution to the y-ray spectrum is due to the p-meson decay 
schemes 


P±*-* 7T ± T 7T° 

L> y + y 


(3-63) 


The p meson is an isospin triplet (7 7 =1) constructed from two pions. 


Table 3—3 .—Decay Modes , Branching Ratios , and y -Ray Multiplicities 
for Various Particles Produced in p-p Annihilations 


Decay mode 

Branching ratio, 
R 

£r R 

p ~— * 7T ± + 7T° 

-1.00 

2.0 

(0 — » 7T + 4- 7T~ + 7T° 

.89 

1.78 

— » 77° + y 

.10 

.30 

t) — » y-i-y 

.386 

.78 

— > 37t° or 7r 0 + 2y 

.308 

1.5 

— > 7T+ + 77"" + Tt° 

.250 

.5 

— > tC + 7T" + y 

.055 

.05 

Kr 1 IT— + 77° a 

.215 

.43 

f iC + *77° 

.155 

.62 

Kq 1 K%— > 7T°-f 77° + 77° 

.133 

.80 

[ K { 1 ~~ > 7T + + 77"" + 7T° 

.067 

.1 

fc'.* v 1 _ 



A. * l\ -r 7T 




a Other y*ray-producing decay modes have negligible 
branching ratios. 


411-892 0 - 71 -6 
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Table 3-4 .--Production Rates for Various Meson-Producing Channels 
in p— p Annihilations at Rest 

[From Bah ay et ah, 1964] 


Channel 

Rate, % 

iy 

&R 

p° 77° 

1.4 ±0.2 

2 

2.8 

p±TT+ 

2.9 ±0.4 
„ „ +0.3 

2 

5.8 

p°7T + 7T” a 

5 8 -1.3 

0 

0 

p°P° 

0.4 ±0.3 

0 

0 

p°7r + 7r~7r° 

7.3 ±1.7 

2 

14.6 

P ± TT^7T + 7T~~ 

6.4 ±1.8 

2 

12.8 

<M°7T + 7 r _a 

3.8 ±0.4 

2 

7.6 

rf i 7T + 7T~ il 

1.2 ±0.3 

-2.6 

3.1 

0)°p° 

0.7 ±0.3 

2 

— 

7} °p° 

0.22 ±0.1 7 

-2.6 

— 


a Includes cases where i r+ ir~ were from p° decay. 


each having T= 1. Evaluation of the Clebsch-Gordon coefficients for 
this construction yields 


|p + )=y2 (k + )k°)-|w°)k + )) 

|p 0 > = ^(|’r f >l , n-)-|7r-)|u+>) (3-64) 

|p“)=yj (|fl°)|ir->- |ir-)|i7«>) 


Since the p° construction does not contain any |7r°)|7r°) terms, 

(3-65) 
(3-66) 


and, therefore, 


| <7r°7T°ipO) | 2 = 0 


p°-j> 77 ° + TT° 


Gamma rays from p ± decay (reaction (3~63)) possess an average en- 
ergy of 210 MeV, not much different from the 190-MeV average energy 
given to y-rays from the directly produced pions that are an order of 
magnitude more frequent. Because other mesons are produced even 
less frequently than the p mesons, we can conclude that mesons other 
than pions have a negligible effect on the total y-ray spectrum from 
p-p annihilation. 
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3-5 SELECTION RULES 

If we assume that the large majority of y-rays from RG-RG interactions 
arise through tt* 1 decay (as was shown in the previous section), equation 
(3-36) reduces to 


f(Ey) 


r, 

JE 


dE 


/a(E v ) 


Ey+ (mll4Ey) (E* " Tll %) 1 / 2 


(3-67) 


as we showed in our derivation of equation (1-100) . 
The process 


p + p — > 7T° 


(3-68) 


is, of course, forbidden by conservation of momentum. The process 


p+p—> 7T 0J r 7T° (3-69) 

is also forbidden since p-p annihilations at rest occur predominantly 
from the S states of the p-p system. 

The selection rule that forbids reaction (3-69) follows from conser- 
vation of G conjugation parity. 

The process of G conjugation is an extension of charge (C) conjuga- 
tion, which holds for neutral as well as charged particles. It is defined 
as 

G = Ce inT 2 (3-70) 

where C is the charge-conjugation operator and T 2 is the second com- 
ponent of the isospin vector. From (3-70) we can show the commuta- 
tion relation 

[T, G] — 0 (3-71) 

Thus, we may describe particle states as simultaneous eigenstates of 
both G and T. 

It can be shown (Sakurai, 1964) that systems having baryon number 0 
are in an eigenstate of G. The p-p system is just such a system. For this 
system 

G= (-1 )l+s+t (3-72) 

where L, S, and T are the orbital, spin, and isospin quantum numbers 
of the state, respectively. 

In a state consisting of a single pion, L — 0, S = 0, T= 1, and, therefore, 
6 , = “1. In a final state consisting of ^ pious, G is given by 


G= (-l)G- 


(3-73) 
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The selection rules (3-72) and (3-73) indicate that for an S-state 
annihilation (L = 0), the final state consisting of two neutral pions is 
strictly forbidden (Lee and Yang, 1956). 

Therefore, the extremum y-ray energies that we would expect from 
this decay would result from interactions of the type 

p + p — » 7r + + 7r' + 7r° (3-74) 

resulting in pions with the given maximum energy 

E„o, max” 2(2 m p ) m *°~~ (2/717,1 ) 2 ] 

= ^p-7— “ 923 MeV (3-75) 

v 4 m p 

Thus, the annihilation y-ray s are limited to the energy region 
min “ (£io, max ^^r) 1 ^] ^ Ey ^ 2 \E it", maxd - max ““ 

(3-76) 

or 5 MeV ^ £v 919 MeV. 

The process 

p + p— »y + y (3-77) 


may also occur; but this process, involving the electromagnetic emission 
(em) of two photons, is of the order 


( ^em oPcTa, strong 


2.6 X10" 30 cm 2 


(3-78) 


and therefore this process may be neglected as a significant contribution 
to y-ray production. 


3-6 THE GAMMA-RAY SPECTRUM FROM PROTON -ANTI- 
PROTON ANNIHILATIONS AT REST 

As we showed in the previous section, we can neglect the contribution 
from the decay of mesons other than neutral pions in calculations of the 
y-ray spectrum from p-p annihilations at rest. The normalized y-ray 
spectrum was calculated numerically from the relation (3-68) by the 
author, with the normalized distribution function /^(AV) taken from the 
calculations of Maksimenko (1958), based on the statistical theory of 
multiple particle production. 

The resultant spectrum, up to 750 MeV, is shown in figure 3-3. Frye 
and Smith (1966) have recently calculated the y-ray spectrum from p-p 
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FIGURE 3-3. — Normalized y-ray spectrum from />-/> annihilation. 

annihilation up to 500 MeV, based on recent measurements of charged 
pions from p~p annihilation by the Columbia University group. The 
excellent agreement between the results of figure 3-3 and the calcula- 
tions of Frye and Smith not only serves as a mutual check on the calcu- 
lations but also supports our previous conclusion that mesons other 
than pions have a negligible effect on the total y-ray spectrum from 
p-p annihilation at rest. 

The absolute magnitude of the y-ray spectrum from p—p annihilation 
at rest is obtained from equation (3-44), (3-47), or (3-48), depending 
upon the temperature region involved. 


3-7 PROTON-ANTIPROTON ANNIHILATIONS IN FLIGHT 

We now turn our attention to RG-CR interactions. Here, because of 
limitations in the data, as well as kinematic and dynamic similarities that 
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would make the y-ray spectra from such interactions difficult to dis- 
tinguish from the y-ray spectra of the much more prevalent RG~CR 
interactions, we will present only a qualitative treatment. 

An excellent review article on high-energy interactions of anti protons 
in hydrogen has been presented by Baltay et al. (1964). For high-energy 
p—p interactions, annihilations of the types 

p + p + p + bosons (3-79) 


and 


P+P-* 


N -\- N* + bosons 
N* + N+ bosons 
A* + TV* + bosons 


'F+F 

F-bF* + bosons 
F* + F H- bosons 
> F* + F* + bosons 


(3-80) 


(3-81) 


may occur, as well as annihilations of the type previously considered. 

Reactions of the type given by equation (3-80) seem to occur frequently 
and to be of a similar nature as p—p interactions. For example (Ferbel 
et al., 1962, and Ferbel et al., 1965), p—p interactions in the 3- to 4-GeV/c 
range lead to strong production of the A (1.238) isobar, while at 7 GeV/c 
no single resonance seems to dominate. The angular distribution of the 
outgoing baryons is strongly peaked in the forward and backward direc- 
tions in the collision cms. All these facts hold true for the p—p interactions 
as we will discuss in detail in chapter 6. In the energy range where pro- 
duction of the A( 1.238) isobar predominates, production of neutral pions 
occurs at roughly the same rate in both p—p and p—p interactions, as 
indicated in table 3~5 (Baltay et al., 1964). 

This fact, too, strongly highlights the similarity between p-p and 
nonannihilation p-p interactions at similar energies. Thus, in the 3- to 


TABLE 3-5. — Cross Sections for Inelastic Single Neutral-Pion Production 
in p-p Interactions as a Function of Incident Momentum 


Reaction 

Collision momentum, GeV/c 

Cross section, mb 

p + /; — > p + p + 7T° 

3.25 

2.3 ±0.5 

p + j>— » p + p + n 0 

3.6? 

2.9± 0.3 



COSMIC PROTON-ANTIPROTON 1NTERA CTIONS 


73 


4-GeV/c range, neutral (and charged) pion production is dominated by 
the channel 

& + N 

S 1 \ 

p + p NFN+tt* (3-82) 

\ _ / 

A + N 

It may therefore be assumed that the nonannihilation RG-CR (or 
CR-RG) interactions will lead to y-ray spectra with the same char- 
acteristics as those from high-energy p~p interactions. (See chs. 5 and 6.) 
Experiments also show that in p-p interactions between 1.6 and 7.0 
GeV/c (Bockmann et al., 1966), nonannihilation production of pions in- 
creases with respect to annihilation production. At 5.7 GeV/c, the cross 
sections for the two processes are comparable (and also are comparable 
to the cross section for inelastic p-p interactions). 

Bockmann et al. (1966) find these values for the cross sections at 5.7 
GeV/c: 

p + p — > p + p + bosons (inelastic) 
p + p— » bosons (annihilation) 

The pion multiplicity in annihilation interactions rises slowly with 
energy, as shown in table 3-6. 

The cross sections in tables 3-7 and 3-8 are comparable in magni- 
tude to those given in chapter 5 for hyperon production in p-p inter- 
actions. As in p-p interactions, these cross sections are small relative 
to pion-production cross sections, but increase with energy. The out- 
going hyperons are observed to be emitted strongly in the forward and 
backward directions, as in the case of p-p interactions. Also, in inter- 
actions involving final-state F- and ^-production, resonances (strange 
isobars) of the type 

F*^> F+tt (3-84) 

are commonly produced. 


Table 3-6. —Average Pion Multiplicity in Annihilation Interactions as 
a Function of Incident Momentum 


Momentum, GeV/c 

Multiplicity 

Reference 

0 

~ 4.3 

Matsuda (1966) 

3.25... 

~ 6.0 
~ 7.3 

Baltay et al. (1964) 
Bockmann et al. (1966) 

5.7 



24.8±2.0 mb 
22.5 ± 2.0 mb 


(3-83) 
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Table 3-7. — Cross Sections for Hyperon-Antihyperon Production in 

p-p Interactions 


Final state 

Cross se< 

st ion, fji h 


3.25 CeV/c 

3.69 GeV/c 

AA 

87 ± 13 

94 + 14 

AX°, AX« 

56 ±11 

76 ±14 

vTl 

38 + 11 

56+14 


4 a 

5 a 

A A + /17T° \ 

102 + 39 

122 + 43 

A2° + /i7T°, A2°+ /I7T° j 
AAit + tt~ 

15 + 6 

30 ±9 

X ± A TT*, 2-A 7T+ 

51+18 

143 ±45 

2 ± £ :p 7 r° 

7+5 

28+19 

KN(A or £), KN(A or 2) 

24 + 10 

41 + 14 

Total antihyperon production 

438 + 52 

710 ±78 


51 Based on one event at each energy. 


Table 3—8. — Cross Sections for the Reaction p-f-p^-A+A as a Function 

of Inciden t Momentum 


Momentum, GeV/c 

Cross section, 
pb 

Reference 

1.61 

57 ±18 

Button et al. (1961) 
Baltay et al. (1964) 
Baltay et al. (1964) 

3.25 

87 ±13 

3.69 

94 ±14 



We can summarize the findings for high-energy p-p interactions as 
follows: 

(1) There are two distinct types of pion-production processes that may 
be considered: (a) annihilations and ( b ) inelastic pion production 
without annihilation. 

(2) The ratio of occurrence of process ( b ) relative to process (a) in- 
creases with increasing energy between 1.6 and 7.0 GeY/c and is 
approximately 1 at 5.7 GeV/c. 

(3) Inelastic intemctions (without annihilation) are very similar to p~p 
interactions and exhibit similar resonance production and forward- 
backward peaking. 
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(4) Strange particles are produced in similar quantities in both in- 
elastic p~p and p~p interactions. 

For these reasons, we may assume that 

(1) An “isobar-plus-fireball” model, similar to that discussed in chapter 
5 may be applicable to high-energy p-p interactions. In this case, 

annihilation interactions may be included as an added contribution 
to the fireball component. 

(2) At high energies (Ey > 5 GeV) there is at present no reason to 
assume that the characteristics of the y-ray spectrum from p-p 
interactions will differ from those of the y-ray spectrum from p-p 
interactions. 




Chapter 4 


Gamma-Ray Absorption Mechanisms 


4-1 INTRODUCTION 

In this chapter, we wish to discuss the various processes that are of 
astrophysical importance in depleting y-rays in the galaxy and the 
universe. By “absorption” we will mean not only those processes in 
which the y-ray completely disappears, such as pair-production, but 
also those processes in which the y-ray is scattered out of the energy 
range of interest, as can occur in the case of Compton scattering. 

We will consider two basic categories of absorption processes: 
Absorption of y-rays in matter and absorption of y-rays through inter- 
actions with radiation. The latter process is of importance because of 
the recently discovered 2.7 K blackbody radiation field which is now 
believed to fill the universe and to be a remnant of the initial cosmological 
“big-bang.” 

4-2 ABSORPTION OF GAMMA RAYS THROUGH INTER- 
ACTIONS WITH RADIATION 

Let us first consider the effects of the universal radiation field on the 
intensity of cosmic y-rays. The attenuation process of importance here is 
the pair-production process 

y + y b b e + + e~ (4-1) 

where y represents the cosmic y-ray and y bb the low-energy blackbody 
photon with which it interacts. This process can only take place if the 
total energy of the y-rays in the cms of the interaction is greater than or 
equal to 2 m e c 2 . The cross section for reaction (4-1) can be calculated 
using quantum electrodynamics and a derivation may be found in Jauch 
and Rohrlich (1955). The importance of reaction (4-1) in astrophysics 
was first pointed out by Nikishov (1961) in considering interactions of 
y-rays with ambient starlight photons and with the discovery of the 
universal thermal radiation. Gould and Schreder (1966, 1967a, b) and 
Jelly (1966) were quick to point out the opacity of the universe to y-rays 
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of energy above I0 N eV. Sleeker (1969c) and Fazio and Sleeker (1970) 
generalized these calculations by including cosmological effects at high 
redshifts. (See ch. 13.) 

In discussing reaction (4-1), we will generally follow the discussion 

of Gould and Schreder (1967a, b) with one important difference: At the 
time Gould and Schreder published their papers, it was generally thought 

that the universal blackbody radiation field was at a temperature of 
3.0 K. More recent measurements (Stokes, Partridge, and Wilkinson, 
1967) have yielded a temperature of 2.7 K for the blackbody radiation 
with a corresponding photon energy density of 0.25 eV/cm 3 instead of 
the value of 0.38 eV/cm 3 used by Gould and Schreder. Therefore, we 
have corrected the Gould and Schreder results to correspond to a 2.7 K 
radiation field. 

In order to determine the threshold energy for reaction (4-1), we make 
use of the same procedure used in the derivation of equation (1-59) 
and start with the four-momentum invariance given by equation (1—52). 
Again, if we denote cms quantities by a prime and note that 

= (4-2) 


equation (1-52) reduces to 

(2£') 2 = (E hh + Ey) 2 — |(p bb -h py)| 2 

= (£|b + 2-Fbb^V + E%) — (E~ h -f E\ — 2 E bb Ey cos 0) 

= 2E hb E y (l — cos 6) (4-3) 

To determine the threshold energy for reaction (4-1), we only need to 
specify that at this energy both the electron and the positron are produced 
at rest in the cms of the interaction. The minimum energy required is 
the one which corresponds to a head-on collision (cos 0 = -—l). Equation 
(4—3) then reduces to the relation specifying the threshold energy as 

„ m e 

= (4-4) 

E bb 

where, as in chapter 1, we have used the convention c= 1. It is interesting 
to note here the similarity between equation (4-4) and equation (1-97) 
for neutral pion decay. This is no accident and can be seen by picturing 
the pion decay run backward; however, instead of a pion, we picture the 
reverse decay of a particle made up of an electron and a positron stuck 
together, with a total rest mass of 2m e , 
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If we consider a typical blackbody photon to have an energy of approxi- 
mately 10“ 9 MeV, then from equation (4 ”4) we find a threshold energy of 
approximately 2.5 X 10 8 MeV for reaction (4-1). However, this threshold 
is somewhat blurred because the blackbody photons are not all at the 
same energy, but have a Bose-Einstein distribution in energy given by 
the well-known formula 


n (Ebb) : 


1 


El 


bb 


i r 2 /i 3 c 3 1— exp (E hb /kT) 


(4-5) 


We must also allow for the various possible values of cos 6 given by 
the isotropic distribution (1-68) as 

f(0) = i sin 0 (4-6) 

The cross section for (4-1) is given by Jauch and Rohrlich (1955) 

<r(E bb ,Ey)^i* o(l-fc 2 ) [(3-#«) In y±|?-2#(2-ft*)] (4-7) 


where the cms velocity of the electron (or positron) is given by 

ml \ V2 


Pe \ E hh Ey) 


(4-8) 


The absorption coefficient for y-radiation against pair-production by 
interactions with the blackbody radiation is given by 


Kyy(Ey) = JJ dE bb dd n{E bb )a{E bb , Ey) (1 — COS 6) (4-9) 

Gould and Schreder (1967) have reduced equation (4-9) to the form 

y{Ey) = a 3 {TTr 0 )- l (YC\ f(v) (4-10) 

V mr / 


sin 6 


Kyy{ 


where 


__ (me 2 ) 2 

'^JfykT 


(4-11) 


They find that the function f(v) has a maximum value — 1 at n ~ 1 
and that /( v) has the asymptotic forms given by 


f(v)— > kir 3 v In (0.117^) for v < 1 



■H 
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Figure 4-1. — Absorption probability per unit distance by y + y' — > e + + e~ as a function of 
photon energy for y-rays traversing the cosmic-photon gas. The contributions from 
the optical (Oi and O 2 ), infrared (IR), microwave (M), and radio (R) cosmic-photon gas 
are shown. Absorption at lower energies by X-ray photons is negligible. Oi represents 
the contribution from the light of population II stars; O 2 that from population I stars 
(from Gould and Schreder, 1967a, b); M is corrected to 2.7 K. 


f(v) -> (b Tvyi*e- V ^ 1 + ^ 


for l 


,(4—12) 


They have also calculated Kyy for y-ray interactions with various 
photon fields in intergalactic space. The results of their numerical 
calculation are shown in figure 4—1. 


ACTIONS WITH MATTER 

There are two types of interactions of importance to be considered 
here. The first is the Compton scattering interaction 


y + e~— * y + e~ 


whose cross section is given by the Klein-Nishima formula 

(J c {Ey) =2o*o 2 l + 2€~€ in + + 

l + 3e ] 

(l + 2€)2j 


(4-13) 


(4-14) 
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where we have defined 


Ey_ 

me 2 


( 4 - 15 ) 


In the asymptotic limits, 


<rc-* - o-o(l - 2e + 5.2e 2 - 13. 3e 3 ■ 

D 


• ) for e 1 


and 


cr c ~ 


(To 


+ ln 26 


for 6 > 1 


(4-16) 

(4-17) 


Electrons play the dominant role in the Compton scattering of y-rays. 
As we mentioned previously, Compton scattering does not eliminate the 
y-ray per se, but will in all probability result in the transfer of some the 
energy of the y-ray to the electron, thus absorbing the y-ray’s energy. 
For y-rays of energy E y §> me 2 , almost all of the energy of the y-ray is 
absorbed, and then we can consider that the y-ray has “disappeared.” 
In some cases it is useful to define an “absorption cross section” 
cr«, such that 


CTa = 



(Tc 


(4-18) 


where AEy is the average amount of energy transferred from the y-ray 
to the electron. It is then found that (Heitler, 1954) 


and 


(Ta = 6(T c for 6 ^ 1 


(Ta 0"c 


In 2e — f 
Jn 26 + 


for e > l 


(4-19) 

(4-20) 


The second type of y-ray absorption process in matter that we must 
consider involves the conversion of a y-ray into an electron-positron pair 
in the electrostatic field of a charged particle or nucleus. If we designate 
such a charge field by the symbol CF, such an interaction may be sym- 
bolically written as 

y + CF e + + e~ H~ CF (4—21) 

The conversion interaction, or pair-production as it is usually called, 
has a cross section that involves an extra factor of the fine structure 
constant, a s e 2 /Ac, since it involves an intermediate interaction with 
an electrostatic field. At nonrelativistic energies, this cross section is a 
complicated function of energy which must be determined numerically. 
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(See Heitler, 1954. for further details.) However, a closed analytic ap- 
proximation for this cross section may be given for energies greater than 
1 MeV, which corresponds to the energy region where the pair-production 
cross section becomes more important than the Compton scattering 
cross section in the determination of the y-ray mass absorption coefficient 
for hydrogen gas. 

For pair-production in the field of a nucleus of atomic number Z, the 
cross section for reaction (4-21) is given by 

crp ™ “ cro In 2e— Z 2 for 1 ^ e < a~ 1 Z~ 1 ^ 

(4-22) 

which is the energy region where electron screening of the nuclear 
charge field may be neglected. The no-screening case, of course, also 
holds for an ionized gas (plasma). 

In the energy region where the complete screening approximation is 
valid, 

OQ p ~| 

” In (183Z- 1 / 3 ) - — Z 2 for e ^ 

J (4-23) 

The threshold energy for pair-production in the field of an atomic 
nucleus is, of course, 2 m e c 2 . In the case of pair-production in the field 
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FIGURE 4-2. — Compton scattering (cr s ), Compton absorption (or„), pair-production and 
total ((r« + oy) cross sections as a function of y-ray energy for absorption of y-rays in 
hydrogen gas (based in part on work of Nelmes, 1953). 
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of atomic electrons, the threshold energy for (4- 21) is 4 m e c 2 . Above this 
energy, the pair-production cross section must be modified to include the 
additional contribution of the electrons and this may be done, approxi- 
mately by making the replacement 

Z 2 -* Z 2 (l + f-iZ- 1 ) (4-24) 

in equations (4-22) and (4-23), where the quantity £ varies from — 2.6 
at E y — 6.5 MeV to —1.2 at Ey — 100 MeV. For y-ray energies above 
200 MeV, £ — 1; and the pair-production cross section has an approxi- 
mately constant value of 1.8 X 10~ 26 cm 2 , according to the results of 
Trower (1966). The values of the various cross sections for y-ray ab- 
sorption in matter, as discussed in this section, are shown in figure 4-2. 
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Chapter 5 


The Form of the Cosmic Gamma- Ray Production 

Spectrum From Galactic Cosmic-Ray Interactions 
for Gamma-Ray Energies Less Than 1 GeV 


5-1 INTRODUCTION 

In chapter 1, general formulas were derived for the calculation of the 
y-ray spectrum due to secondary particles produced in cosmic-ray 
collisions with atoms of the interstellar or intergalactic gas. 

This chapter will deal with a calculation of the y-ray spectrum for 
E y < 1 GeV. In this energy region the analysis is complicated by the lack 
of a complete understanding of the various modes of pion production. 
Therefore, the analysis will be carried out in two steps. The first step 
will be a discussion of the general properties of y-ray spectra from neutral 
pion decay, with a determination of the various features of such spectra 
that must, in general, hold true. This discussion will include the results 
of analytic and numerical calculations of normalized y-ray spectra from 
ideal neutral pion energy distributions. Such results serve two purposes: 

(1) They add to an understanding of the salient features of y-ray 
spectra from neutral pion decay. 

(2) They serve as a test for the accuracy of similar numerical computa- 
tions where an analytic comparison cannot be obtained. 

The general features of y-ray spectra resulting from neutral pion decay 
should be kept in mind whenever a discussion of a particular result is 
desired. The general results will prove invaluable as a guide in discussing 
the results of the particular model used in the numerical calculations. 

Following the general analysis of y-ray spectra from neutral pion decay, 
a specific model will be chosen that will be used for numerical calculation 
of the y-ray spectrum below 1 GeV. This model is of necessity an over- 
simplification of the true physics of pion production, but it can be made 
to fit the present accelerator data to an extent that is adequate for our 
purposes. The model is of the “isobar-plus - fire b all” typ e . The term s 
“isobar” and “fireball” are here loosely defined to characterize the main 
features of the model. The model assumes that at accelerator energies 
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there exist two dominant modes of pion production. Thus we may speak 
of two pion components: The isobar component, which dominates pion 
production in collisions where the cosmic-ray protons have energies in 
the low GeV range; and the fireball component, which supplies the 
main bulk of pions for p — p collisions of initial energy greater than 5 
GeV. 


5-2 GENERAL PROPERTIES OF THE GAMMA-RAY SPEC- 
TRUM FROM THE DECAY y-hy 

More neutral pions are produced in high-energy collisions than any 
other y-ray-producing secondary particle. We will therefore turn our 
attention to the properties of the y-ray spectrum produced by the decay 

77° — > y-b y (5~1) 

We will consider a normalized distribution of neutral pions; i.e.,f(Err) 
such that 

J dE„f(E„) = 1 (5-2) 

We have already shown in chapter 1 how the y-ray spectrum is related 
to the neutral pion spectrum. In terms of normalized distribution func- 
tions, this relation may be expressed as 


F 



dE v 


f(Err) 


(5-3) 


where F(E y) is a normalized y-ray distribution function resulting from 
the decay of neutral pions, and 


€ — Ey~\~ 


4 Ey 


(5-4) 


(See derivation of eq. (1-100).) 

Equation (5~4) can be written in the quadratic form 

E% — eEy 4 - — 0 (5-5) 

This equation has two roots, Ey\ and Ey>, such that 


e(E yi) — e(Eyz) 


(5-6) 
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Since these roots are solutions of a quadratic equation given by equation 
(5-5), they must satisfy the condition 


We will find it useful to express equation (5-7) in logarithmic form and 


to define 


v = In 


rjhr 

2 


and 


8 1 = v — In Ey i 

82 = v — In Ey 2 (5-8) 


Equation (5-7) then reduces to 

81 = - & (5-9) 

or 

\8i\ = 1 82 j = 8 (5-10) 

It follows from equation (5-6) that 

e(v — 8) = e(v + 8) (5—11) 

and therefore 

F{v ~ 8) — F(v + 8) (5-12) 

where the function F is now expressed in terms of In Ey . Equation (5-12) 
expresses a useful symmetry on a graph of F(ln Ey). On a graph of this 
type, the curve defined by F(\n Ey) is symmetric about the line In Ey = v 
and thus reflects into itself about this line. This property is illustrated in 
figure 5-1. 
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Equation (5—11) can also he expressed as 


HE;) ~ F (fj 

(5-13) 

which is easily seen to he a direct consequence of equations (5-4) and 

(5-5). Thus, for the important asymptotic cases where the y-ray spectral 
distribution function can be approximated by a power law with exponent 

F of the form 


F(Ey) -» KE i ; for E y > E 

(5-14) 

which we will later show to be of as trophy sic al significance, it follows that 

/?? 2 

E (Ey) K'E r for Ey < -r* 

Ab> 

(5-15) 

where 


K’ = K(im„)-‘ r 

(5-16) 

Let us now define 


p/r J (Fn) 

G(Ew) (El-ml)^ 

(5-17) 

From physical restrictions, it follows that 


f(E„) ^ 0 

(5-18) 

and 



(5-19) 

so that 


G(E„) s*0 

(5-20) 


We can now rewrite equation (5-3) as the functional relation 


F[e]= J dt G(t) (5-21) 

where t is a dummy variable of integration. 

It follows that 

r[e a ] = F[€ < ,]+f V *C(t) (5-22) 

Jea 

where 

e a < €p 

and, from equation (5— 20), 


F[e a ] ^ for e a < ep 


(5-23) 
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Equation (5—23) shows that F[c] is a monotonically decreasing func- 
tional of e. 

In order to relate F[e] to F(E y), we must consider the quantity 


6 


de 

dEy 


(5-24) 


From equation (5-4), it follows that 


€ f — l 


mi 


AE\ 


Using equations (5—8) and (5—25), we obtain 

e ' < 0 for In E y < v 

e' = 0 for In Ey= v 


and 

We now write 
so that 


e' > 0 for In Ey > v 


8 € , dEy 

88 88 


ep=e a + Ae = € a + ^ AS 


(5-25) 


(5-26) 

(5-27) 


(5-28) 


From equations (5—8) and (5—10), it follows that 


^>0 

88 

for In E y — v d- 8 


and 


(5-29) 

_ IQj 

A 

o 

for In Ey— v — 8 


Thus, from equations (5-26), (5-28), and (5 29), we obtain 


2f=0 

dS 

for In Ey — v 

(5-30) 




dll il 

^§>o 

dS 

at all other points 

(5-31) 
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This result, combined with equations ( 5 — 26 ) and ( 5 - 27 ), yields the 
conclusion that e increases monotonically with 8. Since F[e] is a mono- 
tonically decreasing functional of €, it follows that F[8] is a monotonically 
decreasing functional of 8. Thus, F[S] is a maximum at 8 = 0 and de- 
creases more and more with increasing 8. It follows that F(Ey) is a 
maximum at In E y = v; i.e., at Ey~ and that this is, in fact, the only 
maximum. Note that these results were reached by less rigorous argu- 
ments in our general discussion in section 1-6. 

Our results are illustrated in figure 5-2, which shows the general form 
of F(Ey). 

We will further illustrate our results with two ideal distribution func- 
tions of pion energy. 


Distribution A: 


In this case, 


f(E„)=8(E v -E 0 ) 



8{En-E o) 

(E 2 W -ml) 1 '* 


0 


for E o > € 
otherwise 


(5-32) 


To find the limits in terms of Fy, we need only solve equation (5-5) to 
obtain 

Fo > € implies Fn ^ Fy ^ Fy 2 


where 

and 


Eyi = l[Eo-(El-m%m 


Eyv — it [Fo T (F*-m*)‘/*] (5-33) 


Figure 5 - 2 . — A schematic representation of 
the form F{\n Ey) expressing the impli- 
cations of equations ( 5 - 12 ), ( 5 - 23 ). 

and ( 5 - 31 ). 
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Distribution B: 

f(En) 

In this case, 

| (Eb-E a )-i 

F(E- y) = 


(E b -Ea)-' for Ea^E„^Eb 

0 otherwise 


dE T 


■ e a 


i: 


(E b -E a )-i 

[0 

The integral 

f dt 

J — 

Therefore, if we define 


(IE T 


{El-miyi* 


for Ea ^ e 

for Ea ^ e ^ Eb 
for e^E B 


(5-34) 


— = ln [H- (t 2 — m 2 ) 1/2 ]-f constant (5-35) 

1/2 


E a , = i[E A - (E\ - »*)>/• ] E A2 = i[E A + (E\ - m * )»/• ] 

and (5-36) 

E B i=i[E B - (E % - m%) V * ] Eb^ = i[E B + {E\ - m\) '!*] 

we find 

(Eb-Ea )- 1 In (|j) 


F(£r) : 


for £ i 


(Eb-Ea )- 1 In 


(I?) 


for £^1 ^ £ y ^ £^i and 

Ea2 ^ Ey ^ Eb2 (5— 37) 

otherwise 


These results are shown schematically in figure 5~3. 


5-3 THE ISOBAR-PLUS-FIREBALL MODEL 

In this model, we will assume that in collisions at accelerator energies 
all pions are produced in either of two ways: 

(1) Via intermediate production and decay of the A(1.238) nonstrange 
isobar (sometimes also referred to as an excited baryon or baryon 
resonance). The isobar is assumed to carry momentum directly 
forward or backward in the cms of the collision with an equal 
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Figure 5-3.— Some ideal y-ray spectra resulting from the decay of some ideal 

spectra of neutral pions. 

probability. This property of isobar production in nucleon-nucleon 
interactions is well indicated from accelerator studies and has been 
discussed theoretically (see, e.g., the review by D. R. 0. Morrison, 
1963). 

(2) From the energy remaining available in the cms of the collision, 
a thermal pion “gas” is created where the pions are given an energy 
distribution which is very similar to a Maxwell-Boltzmann distribu- 
tion (Morrison, 1963). This phenomenon sometimes is referred to 
as a fireball in cosmic-ray nuclear emulsion studies and will be 
referred to as a fireball here. Its conception dates back to some of 
Fermi’s early research into the problem of pion production in 
cosmic-ray collisions (Fermi, 1951). Our low-energy fireball is 
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assumed to be roughly at rest with respect to the cms of the colli- 
sion with its pious directed isotropically in this system. As an illus- 
tration, figure 5-4 shows schematically the situation resulting from a 
TeV (10 3 GeV) collision of the type we will discuss in the next 
chapter. The large difference in the behavior of the mesons and 
baryons emanating from the collision leads to asymptotic forms 
for the high-energy y-ray spectrum described in that chapter. 

The situation for low-energy collisions is not that simple, as is shown in 
figure 5—5. As is indicated, it is much harder to distinguish between the 
two modes of pion production because of the similarity in the momenta 
involved. There is no large disparity in cms momenta as in the case of 
a TeV collision. 



Figure 5-4. — A schematic representation of the distri- 
bution of secondary pions resulting from a p-p col- 
lision in the teraelectron volt energy range. 


Figure 5-5. — A schematic 
representation of the dis- 
tribution of secondary 
pions resulting from a p-p 
collision in the gigaelec- 
tron volt energy range. 



Indeed, we may even conceptually fuse the two components and 
envision all the created pions together as having an elongated cms 
momentum distribution whose anisotropy is a function of collision energy. 
A simple model of this type has been used by Hayakawa et al. (1964) 
in their calculations of the cosmic y-ray spectrum. However, the two- 
component model presented here utilizes the more detailed results 
of more recent accelerator experiments. Among the most striking 
of these results is the complete dominance of the A(1.238) production 
mode in collisions where E p < 3 GeV (Muirhead, 1965 (p. 666)). Indeed, 
even for collisions below the threshold for production of the mass 
peak at 1.238 GeV, there is evidence that this resonance (whose mass 
distribution extends below 1.238 GeV) affects the pion energy distri- 
bution (Focardi et al., 1965). We will assume here that below 3.16 
GeV, all pion production occurs through the intermediate 1.238 reso- 
nance. This hypothesis is in agreement with the observation that at 
about 0.6-GeV proton kinetic energy, the neutral pion distribution is 



96 


COSMIC GAMMA RAYS 


isotropic, since in this energy range the isobar enhancement would be 
formed at rest in the cms. The model is also in agreement with the 
observation of an increasing asymmetry in pion momentum toward the 
forward and backward directions as E p increases, since at higher 
energies the isobars tend to carry more and more momentum in the 
forward and backward directions. 


5-4 CALCULATION OF THE GAMMA-RAY SPECTRUM 
FROM THE ISOBAR PION COMPONENT 


We are now ready to specify the parameters needed for the numerical 
calculation of the y-ray spectrum from the isobar pion component, 
hereafter referred to as the i-process component. For our model we 
need to specify the following: 

(1) The energy distribution of the isobar in the cms of the collision. 

(2) The angular distribution of the isobar in the cms. 

(3) The energy distribution of the decay pions in the BARS (baryon- 
isobar rest system). 

(4) The angular distribution of the decay pions in the BARS. 

(5) The cross section for production of the A (1.238) isobar as a 
function of initial proton energy. 

In our model the isobars are assumed to decay isotropically in the 
BARS. The energy distribution of the decay pions is obtained from 
the Breit-Wigner form of the isobar mass distribution. The isobar 
mass distribution is assumed to peak at M*= 1.238 GeV and have a 
width of 0.1 GeV. The Breit-Wigner distribution is given by 




1 


77 (/V/*-T/*)2 + r 2 


(5-38) 


We denote the pion energy in the BARS by the symbol which was 
used in chapter 1. In terms of isobar mass, fx is then given by 


-Ml 

TT p 

2 M* 


(5-39) 


The normalized distribution function for fx is related to the normalized 
Breit-Wigner mass distribution by the transformation 


&(n) = 


W{W) 

dn/dM* 


( 5 - 40 ) 
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which yields 

[{m. + [m 2 + (M| - A/„ ) ■ * ] ■ 1/2 - M* }* 

7T t ' 

( 5 - 41 ) 


I' 2 ] 


^ 

u + (u* + M-M|)>« 


Equation (5-41) was solved numerically by the author (Stecker, 1970) 
as a check on an intermediate step in the complete numerical solution. 
The results are graphed in figure 5-6 along with the BARS y-ray dis- 
tribution, which results from this pion distribution and is given by 


/(*y) = 


i 


dfx^(fx) 


1/2 


(5-42) 


In the actual calculation of the y-ray spectrum, we must take into 
account the kinematic limits on the allowed pion energy. There is only a 
limited amount of energy available for pion production. In order to specify 
a maximum BARS pion energy fx max , we note that in the extreme case, 
where all the cms energy of the collision is transformed into the mass of 
the resonance, 

M* a x=(2yc-1) M p (5-43) 

Thus we can define 


Mm ax " 




9 M* 

ZjiV1 max 


(5-44) 


We must then renormalize the distribution function over fx so that its 
integral over the allowed energy region is equal to unity. We thus de- 
fine a renormalizing weighting factor 

ff>max ( V I ” 1 

W rn = |J dp.^(/x) j (5-45) 

which multiplies the distribution <-F(p). 

We specify in our model, as before, that the isobars carry momentum 
either directly forward or directly backward in the cms (Morrison, 1963). 
We further assume that the low-energy ^-process produces pions through 
the two-stage decay 


p + p-> p + A+ (1.238) 
I” >P+ 7T° 


I— >2y 


(5-46) 
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Figure 5-6.— The energy distribution function of pions in the BARS resulting from the 
decay of the A(1.238) isobar and the energy distribution function of y-rays in the BARS 
resulting from the decay of these pions (Stecker, 1970). 

Let E c be the total energy of the collision in the cms; i.e., 


E c = 2M p y c 


( 5 - 47 ) 
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Furthermore, let us designate the energy of the isobar and proton, in the 
cms system of the collision by E c \ and E cp , respectively. It has been 
shown in chapter 1 (see eq. (1—62)) that 


E* + M**-M* 

r> <_ P 

2E, 


(5-48) 


The energy of the forwardly and backwardly produced isobars in the 
laboratory system are then 



Ef y c (Ed A (3c Pci ) 

(5-49) 

and 


E b =y c (E ci — PcPci) 

(5-50) 

with 



(5-51) 

We 

may therefore write 



(T (E, \E„) = [8 (E, - Ef) + 8(Ei -E„)] (5-52) 

We now wish to determine the normalized y-ray energy distribution 
function for the i-process decay of the A(1.238) isobar. As we showed 
in our discussion of equation (1-14), since the i -process is a two-stage 
process, the determination of the distribution function f ( u(Ey\E\) requires 
an integration over an additional energy parameter. We may, if we wish, 
specify this parameter as E^ as in chapter 1; however, since type i 
decays are symmetric in the BARS, it will be simpler to use E f y (the 
energy of the decay y-ray in the BARS). We can then specify 

MEy\E,) = JdElf(El)f l (Er\E,,E , y ) (5-53) 

In the first stage of the decay, the energy of the resultant neutral 
pion in the BARS is again uniquely determined and is given by 


Vi 


M* 2 - 




2 M* 


(5-54) 


Therefore, the magnitude of the BARS momentum of the neutral 
pion is also unique. We can thus define the convenient parameter 
pi by the relation 


pi M* 


M* 


(5-55) 
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In the pion rest system, each of the two decay y-ray s is given an 
energy Thus, in transforming to the BARS, we find 


E’y = y$Mn ( 1 + (3 1 cos <f>)=i(p. f + pM* cos </> ) ( 5-56 ) 

where </> is the angle between the y-ray momentum vector in the pion 

rest system and the pion momentum vector in the BARS. 

Once again, the decay is isotropic in the rest system of the decaying 
particle (i.e., in cos </>), so we obtain 


f(E'y)={pMT 


for Ui 


0 otherwise 


(5-57) 


where, from equation (5-56), we find 

and (5-58) 


Once Ey is specified, we need only extend the reasoning used in the 
derivation of equation (1-106) to obtain 

M* 


f(Ey\E h E'y' = 
so that as /3r~> 1, 
and 


2E' y (E't-M**yi* 

0 

Ei, m ax (Ey) — > 00 


for E 71 ^ Ey 


otherwise 


Ei, min (Ey) * 


M 

2E1 


(5-59) 


(5-60) 


7 )Ey 


Through the use of equation (1-8), equation ( 1—10) in this case reduces 
to 


Ii(Ey)=i(nL > [ dE p I(Ep)w m (Ep) j 


J 


r 

J 


M* 

L (£ f - M* 2 )‘/ 2 J 


<r(£,|£ P )K, 


r^y^dE; r» max<V 

JUEy . Ej ) Ey J £;+(,)/>!£;) (M‘ 


X 


&(p-) 


- M 2 )!/ 2 


(5-61) 


where te rn is defined by equation (5-45) , p max is defined by equation 
(5-44), is the y-ray energy in the BARS, A,- = 2/3 is the branching 




Figure 5-7. —The differential cosmic-ray proton and alpha particle kinetic-energy spectra. 
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and 


(nL) 


J eff 


dr n( r) 


(5-64) 


with the cosmic-ray intensity in the galaxy I(E P ) assumed to be constant. 
The integrations in equation (5-61) were carried out numerically by 

the author (Stecker, 1970). The product /?,cn (E p ) (in millibarns) was 
approximated by a function which was taken to be a three-part power law 
of the form 


0 for £^<1.48 GeV 


lO" 1 Ey for 1.48 < E p < 1.88 GeV 
6.9 for 1.88 <E P < 3.16 GeV 


(5-65) 


[ 69 Ep for 3. 16 < E p < 10 GeV 
with cr, in millibarns. 1 

The differential cosmic-ray proton intensity used in the calculation is 
shown in figure 5—7. 


5-5 CALCULATION OF THE GAMMA-RAY SPECTRUM 
FROM THE FIREBALL COMPONENT 

We now calculate the y-ray spectrum produced by pions created in 
the cms of the collision. We will refer to these pions as the fireball com- 
ponent. (The use of the term here is restricted to our previous definition.) 
For the purpose of discussion, we define the /-process (as opposed to the 
i-process) as the following production and decay scheme: 

p + p — » p + p + F (5-66) 

L* £±7T" 4- £o 7T° 

^2 Soy 

where £ ± and £o are the average numbers of charged and neutral pions, 
respectively (a function of initial proton energy), and F is the so-called 
fireball. By no means should F be regarded as a real particle; it is better 
to picture it as a bosonic nonparticle whose only properties are a momen- 
tary possession of the mass energy of the created pions and a momentary 


1 Such a cross section is an approximation which assumes complete dominance of the 
/-process for neutral pion production in collisions involving kinetic energies below 1 GeV 

but which maintains the observed E~ 2 energy dependence of the A( 1.238) cross section in 
various channels for kinetic energies above 2 GeV (Muirhead, 1965; Ellis et al., 1968; and 
Connolley et al., 1967). 
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occupation of the interaction volume centered at the center of momentum 
of the collision and therefore moving at /3 C with respect to the Is. 

We assume that the fireball decays isotropically with a cms energy 
distribution which is roughly independent of energy. The justification for 
this assumption comes both from accelerator studies (Morrison, 1963, 
and Fideearo et ah, 1962) and from studies of interactions of cosmic 
rays in the atmosphere (Fowler and Perkins, 1964). Accelerator studies 
(Morrison, 1963) of p—p interactions for energies up to 30 GeV give a 
charged-pion transverse-momentum distribution that fits an empirical 
law of the form 

fAp± ) oc p 1 e-*p-±/6»j> (5-67) 

Studies at 300 GeV (Guseva et al, 1962) fit this law very well. (There is 
only a change in normalization involved, indicating an increased multi- 
plicity.) It has also been observed that (p ± ) n is roughly constant in p—p 
collisions involving energies of up to 10 4 GeV (Fowler and Perkins, 1964). 
If neutral pions also obey this law, we would expect that the resultant 
y-rays would have a transverse-momentum distribution of the form 

fy(p±) (5-68) 

with 

<P ± )y=Kp_ L >ir (5-69) 

Data confirm this exponential distribution for pa >0.1 GeV in p—p 
collisions involving energies up to 10 4 GeV (Fowler and Perkins, 1964). 
Accelerator experiments (Fideearo et al., 1962) measuring the y-ray 
spectrum from p—p interactions at 23.1 GeV have substantiated indica- 
tions of an exponential distribution of neutral pions in the cms. The data 
are well represented by an energy distribution function of the form 

/(££>) <x e -«r (5-70) 

Figure 5-8 shows the average cms energy distribution of y-rays pro- 
duced in 23.1 GeV p—p interactions as measured by Fideearo et al. 
(1962). 

Thus, over a wide range of energies 

yir(Px) “ p ± e- 2 t>±i<i>±K (5-71) 


The quantity p ± is a relativistic invariant that is proportional to the 
cms momentum of the pion and, therefore (relativistically), to its cms 



I 



Figure 5-8. — Gamma-ray cms energy spectrum integrated over angles as given by Fidecaro 
et al. (1962). The solid line has a slope of — 3.86. 


energy. Letting £ stand for cms pion energy, we may therefore use the 
approximation 

&($) « {e-mo (5-72) 

Since (g) — 0.5, independent of energy for collisions involving energies 
up to 10 4 GeV, we find that 


(5-73) 
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with the normalization constant Z defined by 


so that 


Z 


r, 

Jn 






o-4 ( 


p* max^n) 

| = 1 

m- 


(5 74 ) 


(5-75) 


Evidence for a two-component pion production model with the/-process 
component producing pions isotropically in the collision cms has been 
presented by Dekkers et al. (1965). Their work indicates that the i- 
component yields a very large positive-to-negative pion ratio. Thus, the 
negative pions arise principally through the /-process. It is also found 
that at accelerator energies, most negative pions are produced iso- 
tropically in the cms (the remaining ones are consistent with a small 
contribution, from TV* — * ► Ntttt decays). 

We have thus assumed that the ^-process plus the /- process provide 
all the pions produced; i.e., 

Cfcr/ 555 [£(£p)cr(£/)] T otai ~ <ri(E p ) (5-76) 


The function [£(7s p )<x(l^)] Tota i is shown in figure 5-9. 

It has been shown that a y-ray of energy in the cms may have any 
laboratory energy Ey within the range 


ycEUf'il ~~ fa) Ey =£ y c £(0(l + p c ) (5-77) 


Under our assumption of uniform cms pion emission for the f- process, 
there is a constant production probability 


f(Ey\E^) 


1_ 

2y c (3 c Eff 


(5-78) 


within this energy range. It follows from equation (5~77) that the integral 
over the source function with respect to E ^ is bounded by the upper and 
lower limits, Up and respectively, where 



(5-79) 


(5-80) 
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Figure 5-9. — Cross section times multiplicity for neutral pion production. Data for p — p 
interactions as summarized by Muirhead (1965). Data for p~a interactions from Prokosh 
kin and Tiapkin (1957a, b), Batson et al. (1959), and Kozodaev et al. (1960). 


/ 


i , COMPONENT <p-p} 
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Figure 5-10. —The calculated differential production spectrum of y-rays produced in 
cosmic-ray interactions based on the “isobar-plus-fireball” model described in the 
text (Stecker, 1970) 
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FIGURE 5~11. — Calculated integral production spectrum based on the results of figure 5-6 

(Stecker, 1970). 


since only y-ray s within this cms energy range will produce y-rays of 
laboratory energy Ey. 

Therefore, the complete formula for the y-ray spectrum arising from 
the /-process is 


If(Ey) = 


(nl) 

2 


in Cf {Ep)oy (E P )I {Ep) 

P y e (E p )f3 e (E p ) 


'UfiEyiEp) 

JLr(Ev> E/,) 


dE g fMmax (Ep) jF(f) 

E^ J’£<c)+ (m*/4E!f>) (/ 2 _ m V 1/2 


(5-81) 


The resultant /-process spectrum was obtained numerically by the 
same methods previously described for the evaluation of the i-process 
spectrum (Stecker, 1970). The results of the numerical integration are 
shown in figure 5—10. Figure 5-10 also shows the total spectrum produced 
by summation of the i- and /components. The integral spectrum is given 
in figure 5—11. 


5-6 COSMIC GAMMA RAYS PRODUCED IN COSMIC-RAY 
AND a-p INTERACTIONS 

Up to this point, we have restricted ourselves to a discussion of cosmic 
y-ray production in cosmic-ray p-p interactions. The details of particle 
production in p-p interactions have been well studied in recent accelera- 
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tor experiments. Such is not the case for interactions involving protons 
and helium nuclei. However, these interactions may be expected to 
provide a substantial contribution to the total 7-ray production of roughly 
the same magnitude as the contribution from p—p interactions. Con- 
sequently these interactions cannot be neglected. 

Figure 5-9 shows the total cross section times multiplicity for neutral 
pion production and proton-helium interactions as a function of kinetic 
energy per nucleon. These cross sections have been determined experi- 
mentally for kinetic energies below 1 GeV/nucleon (Prokoshkin and 
Tiapkin, 1957a, b; Batson et al., 1959; and Kozodaev et ah, 1960). Below 
1 GeV/nucleon kinetic energy, it has been found experimentally that 
neutral pion production proceeds predominantly through the A(1.238) 
production channel. This is manifested both by the angular distribution 
of the pions and the 2:1 ratio of neutral-to-positive pion production in 
p—n interactions (Prokoshkin and Tiapkin, 1957a). We have therefore 
made the assumptions that the same isobar-plus-fireball model used for 
p—p interactions is also valid for p~a and a—p interactions, that the 
i-process dominates below a total energy of 3.16 GeV/nucleon, and that 
the energy dependences of the cross sections for the ^process and the 
/-process are the same for nucleon-nucleon collisions in all of these 
interactions (charge independence). For interactions involving kinetic 
energies greater than 1 GeV/nucleon, the cross-section data were extrap- 
olated by assuming that the energy dependence of the pion multiplicity 
has the same form for a~p and p—a interactions as for p—p interactions. 
We assume also that the cross section for A(1.238) production decreases 
with energy as F -2 , as is the case for p—p interactions. The assumption 
is also made that the pions are produced primarily in interactions which 
simulate free nucleon-nucleon interactions (Batson et al., 1959), but with 
shadowing corrections as given by Kozodaev et al. (1960). 

The energy spectrum of cosmic-ray alpha particles at solar minimum 
is shown in figure 5-7. These particles produce y-rays by interacting 
with the interstellar gas (primarily a—p interactions). To this contribution 
we must add the contribution of cosmic-ray protons interacting with 
helium nuclei in the interstellar gas ( p—ot interactions). Interstellar 
helium is estimated to make up approximately 36 percent of the nucleons 
in the interstellar medium so that the ratio of helium nucleons to hydrogen 
nucleons is 0.57 (Allen, 1963). 

The differential energy spectrum of cosmic y-rays from a—p and p~a 
interactions was calculated based on the intensities and cross sections 
given in figures 5—7 and 5-9, respectively, and on the assumptions given 
above (Stecker, 1970). The results of this calculation, when added to the 
results of the p~p calculations, yield the total spectrum given in figure 
5-10. The total integral production spectrum is shown in figure 5—11. 



Chapter 6 


The Form of the Cosmic Gamma-Ray Production 

Spectrum From Galactic Cosmic-Ray Interactions 

for Gamma-Ray Energies Greater Than 1 GeV: 
The Effect of the Decay of Nucleon Isobars 
AND HyPERONS ON THE COSMIC GAMMA-RAY SPECTRUM 


6-1 INTRODUCTION 

Several workers (Pollack and Fazio, 1963; Ginzburg and Syrovatskii, 
1964; Gould and Burbidge, 1965; Hayakawa et al., 1964; Garmire and 
Kraushaar, 1965; Lieber, Milford, and Spergel, 1965; Dilworth, Maraschi, 
and Perola, 1968; and Stecker, Tsuruta, and Fazio, 1968) have discussed 
the production of cosmic y-rays by the collision of high-energy protons 
with interstellar and intergalactic gas. Many others have studied cosmic- 
ray pion production in high-energy interactions. Out of these studies 
have come various phenomenological models for pion production, some- 
times referred to as “pionization.” Among these models are the hydro- 
dynamical and “fireball” models. (For a general review, see Fujimoto 
and Hayakawa, 1967; see also the discussion in ch. 5.) Gamma rays result 
through the reactions 

p + p-^> p + p + pions 


followed by 


( 6 - 1 ) 


7T V 


•y+y 


Pal and Peters (Peters, 1962, and Pal and Peters, 1964) have pointed 
out the significance of the production and decay of hyperons and excited 
baryons (isobars) as a source of pions in high-energy interactions, which 
may be of particular importance in producing high-energy pions. In 
chapter 1 we discussed the details of the y-ray spectra generated from 
the formation of various secondary particles produced in p-p inter- 
actions. These calculations and the results of recent proton accelerator 
experiments indicate that in high-energy p~p interactions, the production 
of the hyperons X + , 2°, and A and unstable baryon resonances /V*(1.410) 
and ;Y*(1.688) and their subsequent decay may be important sources of 
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very-high-energy y-ray photons. Although the production cross sections 
for these particles are relatively low, a substantial fraction of the initial 
interaction energy is transferred to these particles and hence to the 
resultant y-radiation. In this chapter we will use the new accelerator 
data to calculate the cosmic y-ray energy spectrum caused by the decay 
of these particles and to determine at what y-ray energies the decay of 
these particles may provide a significant source of cosmic y-rays. Our 
discussion will be based on that given by Sleeker et al. (1968). 


6-2 GAMMA-RAY PRODUCTION MECHANISMS 

The basic types of production reactions that we will consider in addi- 
tion to the usual process denoted by expressions (6-1) are hyperon 
production: 

p + p— > N A- F+ K-\- bosons (6-2) 

and nucleon isobar production: 

p T p —> A* + + p 4- bosons (6—3) 

The symbols N, Y, K, and A* + denote a nucleon (proton, neutron), a 
hyperon, a kaon, and a positive nucleon isobar, respectively. Experi- 
mental data are available for these reactions for incident-proton energies 
up to 30 GeV. These reactions produce y-rays primarily by the decay 
schemes 

2°-^ A -by 

A — > n - h 7r° 

U>2y 

2 + “ > p “h TT° 

for the hyperons, and 

p + 77° 

U 2 y 

for the isobars. A particular nucleon isobar of isotopic spin i will be 
denoted by the symbol where the symbol M* will be taken 

to denote its most probable rest mass in GeV. 

These decay schemes are of two basic types: The neutral sigma 
decay, which directly produces one y-ray, and decays that we will 
designate as being of type i which indirectly produce two y-rays from 


(6-4) 


(6-5) 
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the decay of a heavy baryon, here denoted by ft(i = ]£ + , A, A 7 * 1 ), as 
follows : 


ft- >yv+- 


(6 6 ) 


This decay scheme will be referred to, as before, as an “^-process.” 


6-3 THE DIFFERENTIAL PRODUCTION CROSS SECTIONS 
OF HYPERONS AND NUCLEON ISOBARS 

In order to calculate the cosmic y-ray spectrum produced from the 
decay of hyperons and nucleon isobars, we must first determine the 
differential production cross sections cr»(E s j E p ) , which are defined as 
the cross sections for the production of a secondary particle of type 
s with energy E s by a proton of energy E p colliding with a proton at 
rest. These differential production cross sections are determined from 
proton accelerator experiments and cosmic-ray shower studies. Such 
studies have indicated that in high-energy collisions the forward baryon 
retains most of its energy, between 50 and 65 percent. (See, e.g., Baradzei 
et al., 1962, and Daniel et al., 1963.) This baryon is strongly directed 
forward, a tendency manifested even at accelerator energies (Morrison, 
1963). We will therefore approximate the differential production cross 
sections for the forwardly produced baryons by the expression 

o“s (E S \E P ) - i <Ts{E p ) 6 [E s - t h (E p ) ] (6-7) 

where r) s = x(Ep~M p ) +M S . 

Thus, x designates the fraction of initial energy carried off by the 
forward baryon, which has been excited to a nucleon isobar N* or 
hyperon Y. After deexcitation it is thus equal to the fraction of incident 
energy carried off by the forward nucleon plus the most energetic pion. 
We will take x to be a constant and equal to 0.6 in all cases. 1 

The factor of i in equation (6-7) is included to take account of the fact 
that only one-half of the baryons are produced in the forward direction. 


1 There is even some indication that in collisions where baryon excitation occurs, the 
fraction of energy retained by the forward excited baryon may be higher than in collisions 

where excitation does not take place (Kazuno, 1964). Peak and Wooleott (1965) have 

studied cosmic-ray interactions with 5X 10 2 * GeV *£ E,, 5 X 10 4 GeV and find indications 

that the nucleon retains approximately 55 percent of its initial energy; about 25 percent 
of the energy goes into pionization (see sec. 4-3) and the other 20 percent may go to an 
isobar-decay pion. W ith the data presented in this paper, we find . that the average fra 
of energy relegated to the /-process pion is 23 percent, in agreement with the conjecture 
of Peak and Wooleott. Thus, the Peak and Wooleott data may indicate a value of x as 
high as 0.75. 
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We will neglect the backwardly directed baryons, since they will produce 
low-energy y-rays only, and will produce them at a negligible rate com- 
pared with those produced by the more usually considered rr-decay 
process, which we will soon discuss. 

Tables 6-1 and 6“2 give the empirical data for the total cross sections 
of hyperons and nucleon isobars, respectively, as obtained in proton 


Table 6-1 . — Hyperon Cross-Section Data 


Proton momentum, 
GeV/c 

Lambda cross 
section, mb 

Neutral sigma 
cross section, 
mb 

Positive sigma 
cross section, 
mb 

Reference 

4.7 

0.051 

0.049 

0.083 

(*) 

6 

.259 

.077 


<") 

10 

.472 

.196 

.239 

n 

23.1 

Lambda + neutral sigma cross 
section™ 0.77 


f) 

24.5 

Lambda + neutral sigma cross 
section = 1.13 


o 


51 Louttit et al., 1961, 
h Chinowsky, 1966. 
c Holmgren et at, 1967. 

{i CERN HBC and IEP groups, 1961. 
e Bartke et al., 1963. 


Table 6-2 . — Isobar Cross-Section Data a 


Incident 

momentum, 

GeV/c 

Cross section, mb 

Reference 

A(1.238) 

W*(1.410) 

yV*(1.518) 

^*(1.688) 

A* (2. 190) 

2.85 

3.8 





f) 

4.55 

1.5 

0.63 

0.68 

0.7 


<") 

6 

376 





o 

6.06 

.6 

.65 

.45 ! 

.5 


C-) 

7.88 

.41 

.45 

.31 

.46 


('■) 

10 

.184 

.544 

.196 

.562 


n 

15 

.142 

.602 

.160 

.638 


n 

20 


.660 

.170 

.560 

0.128 

c) 

30 


.744 

.166 

.576 

.108 

o 


a For reaction channels of the type p + p— > N* + + p only. 
*' Blair et al., 1966. 
v Anderson et al., 1966. 
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Table 6-3 . — Production and Decay Parameters for A, 2 °, 
N* (1.410), and N* (1.688) 

[Rosenfeld et aL, 1965] 


Particle 

■ 

Decay scheme 

Mass, 

GeV 

Production 
threshold 
energy (GeV) 
in p-p 
collision 

Branching 
ratio for 

y-produc- 
ing modes 

Assumed 

production 

cross 

section 
at high 
energies, 
mb 

Decay 
time, s 

#*(1.688) 

#* + (1.688H#-Ht° 

1.688 

1.80 

a 0.33 

0.6 

~ 10~ 23 

#*(1.410) 

#*+(1.410HA-+V> 

1.410 

1.24 

a .33 

.6 

< 10- 23 

2+ | 


1.189 

1.90 

.510 

.8 

- 10~*° 



X°— » A + y 

1.192 

1.90 

1.00 

.4 

<1(F 14 

A 

i 

A— >/J+7T° 

1.115 

1.70 

.331 

.4 

- 10- 10 


a For simplicity, it is assumed that all decays occur via the i-process, More precisely, 
~ 10 to 15 percent of the decays occur via the production of 2 pions. 


accelerator experiments. These cross sections are related to the dif- 
ferential cross sections by the condition 

ls(E p )cr s {Ep) = J dE s <r s (E s \Ep) (6-8) 

where £ s is the number of particles- of type 5 produced per collision. 

Table 6-3 gives a summary of the properties of the production and 
decay of the hyperons and nucleon isobars with which we will concern 
ourselves in this calculation. In this table we have also listed the value 
we have assigned to the quantity <r 8 (E p ) for E p > 25 GeV. We have 
assumed in all cases that <the total cross sections have attained an asymp- 
totic constant value above this energy. There is good evidence that this 
is the case for the production of the isobars that we consider (see table 
6-2), but the poor data on hyperon production above 10 GeV leave some 
uncertainty about the validity of the assumption of constant (rz+ 9 crxo, 
and cr,\ at high energy. Cosmic-ray studies (Wolfendale, 1963; Peters, 
1962; Yekutieli, 1961; Pal and Peters, 1964; and Kazuno, 1964) indicate 
that the production of isobars and hyperons is significant at energies 
from 10 3 to 10 6 GeV. We note that A(1.238) and V*(1.518) production 
cross sections seem to decrease rapidly with increasing energy (see 
table 6- 2), 2 whereas the isobars we have considered seem to maintain 
fairly constant cross sections between 5 and 30 GeV. At higher energies 


2 The cross section for #*(1.518) may reach a constant value at high energies, but it is 
so small compared to the others that it may be considered to be negligible. 



114 


COSMIC GAMMA RAYS 


there may he significant contributions from the production of heavier 
resonances (both strange and nonstrange), as well as to those in other 
charge states (e.g., TV* 0 (1.688)). However, there are indications of strong 
inhibition of the production of resonances involving a change in isotopic 
spin and involving masses greater than 2 GeV (Morrison, 1963). 

In this discussion we have neglected the contribution of kaons to the 
cosmic y-ray spectrum. It should not affect our results significantly 
for the following reasons: 

( 1 ) Kaon pairs are produced directly in the cms of the collision in 
the same manner as the pions of equation ( 6 ~ 1 ). Therefore, when 
the kaons decay through channels that produce neutral pions, 
they will produce the same spectral characteristics as the neutral* 
pion fireball component. (See sec. 6~4c.) 

( 2 ) The ratio of kaon-to-pion production is only 0.10 to 0.20 (Osborne 
and Wolfendale, 1963), so that only a marked difference in their 
production and decay schemes would affect the overall y-ray 
spectrum predicted. 

We note also that we have an additional contribution of A particles 
from the decay X^ATy to consider, apart from the A particles created 
directly. This will increase somewhat the contribution of the A com- 
ponent; however, the spectral characteristics of this component will 
remain unaltered. 

We have not discussed the effect of the production of boson resonances 
such as the 77 , p, and co mesons, as well as possible unknown resonances 
of higher mass. Data on such production in cosmic-ray showers are 
practically nil, although there is some evidence for it (Nishimura, 1967). 
(It is possible to speculate that the so-called fireballs, presumably 
created in high-energy interactions, maybe either heavy boson resonances 
or baryon-antibaryon pairs.) (See sec. 6-4c.) 

While the cross-section data for hyperon and baryon-resonance 
production are still sparse, we hope to have more data in the future. 

6-4 THE COSMIC GAMMA-RAY SPECTRUM 

A detailed discussion of the y-ray spectra produced by the formation 
of various secondaries in /r-p interactions has already been given in 
chapter 1. In general, the differential y-ray spectrum resulting from 
secondary particles formed in p~p collisions is given by 

I(Ey) = [ leU dr n(r) Y f* dE„ I(E P , r) P’*’ ^ dE s a s (E s \E p ) 

Jo s /E’th.s min 

X X U*if*(Ey\ E s ) (6-9) 
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where r is the radial vector from the Earth to the source, n(r} is the 
density of interstellar and intergalactic gas, L eff is an effective integration 
length, E p is the energy of the cosmic-ray proton involved in the collision, 
and r) is the differential flux of cosmic-ray primaries. The index s 

denotes a type of secondary particle produced, the index d a decay mode 
that leads to the production of a y-ray, £ ( / the number of y-rays produced 
in this mode, and Ra the branching ratio for decay mode d. The limits on 
the integrals are determined by the kinematics of the processes involved; 
e.g., E lhfS , the lower limit on the E p integration, is the threshold energy 
for the production of a particle of type s , and the limits on the E s integra- 
tion are the maximum and minimum energies that a particle of type 5 
could have and still be able to produce a y-ray of energy E y . The last 
quantity in equation (6-9), fd S (Ey\E s ) , is a distribution function over Ey 
for y-rays of energy Ey produced via decay mode d by secondary particles 
of type 5 and energy E s . Therefore, 

J dEyf ds (Ey\E s ) = 1 ( 6 - 10 ) 

For simplicity, we will assume that all collisions considered are those 
of high-energy cosmic-ray protons with hydrogen nuclei in the inter- 
stellar and intergalactic medium. The only other collisions of astro- 
physical significance are the p-a and a~p collisions, and we will assume 
here that these collisions are basically of the same character as the 
simpler and much more common p-p collisions, particularly in the energy 
region E p > 100 GeV. 

We will also consider here the space-averaged isotropic flux of cosmic 
y-radiation, so as not to concern ourselves with the problem of varia- 
tions in absolute intensity expected from various assumptions about 
the galactic and intergalactic cosmic-ray flux. For a discussion of these 
see, for example, Ginzburg and Syrovatskii (1964). 

Thus, we will assume, as in chapter 5, that 

I(E P , r) = I{E P ) (6-11) 

and 

f eff drn(r) = (nh) (6-12) 

Jo 

In the following kinematic discussions, we will refer to the rest system 
of the decaying baryon by the abbreviation BARS (baryon rest system). 
We will also use the common relativistic convention of setting e = 1. 
Particle velocities (in units of c) are denoted by /3, rest masses by M, 
and particle energies (in units of their respective rest masses (E/M) by y. 


411-892 0 - 71 -9 



116 


COSMIC GAMMA RAYS 


6-4a Neutral Sigma-Particle Decay 

In the case of 2° decay, we note that the energy of the decay y-ray in 
the BARS is uniquely specified by the laws of conservation of momentum 
and energy. If we denote this energy by it follows from equation 
(1-78) that 

A/f'2 ,1/2 

/xi = s 2Mv x = 0.0747 GeV (6-13) 


The y-ray energy in the Is is 


Ey — yiAxi(l d" /3s cos 6) 


(6-14) 


where 6 is the angle between the y-ray momentum vector in the BARS 
and the velocity vector of the BARS in the Is. 

Because the decay is isotropic in 0 , the resulting distribution of Ey 
is uniform between the upper and lower limits allowed by equation (6-14), 
so that, by imposing the normalization conditions discussed previously, 
we find 


fyz(Ey\Es) 


where 


M s 

2a 


0 


for Ey\ Ey < Ey z 

(6-15) 


otherwise 


Eyi —yzfjizil — /3i) and Ey 2 = yi/ni(l ~h /3^) (6-16) 


so that as /3 i— » 1, 


and 


Es max (E y) > oo 
Ez, min (Ey)^^Ey 


(6-17) 


provided the 2° particles are created with an energy of the order of a 
gigaelectron volt or greater. We will find that this condition will be ful- 
filled in those cases that are of greatest interest for discussing the effects 
of 2° decay on the cosmic y-ray spectrum. 

Incorporating equations (6-7), (6-15), and (6-17) into the general 
formula (6-9), as well as assumptions (6-11) and (6-12) and the branch- 
ing ratio from table 6~3, we obtain 


Ii°(E y) : 


Mv o 

= 4m 


T <nL> L 


thl® 


dE„ Ip(Ep) 


L 


(M s o/2Mlo)Ey 


dEsOor^lE p) 


8[Ez° — ^7 i°(Ep) ] 

(£|o-M!o) 1/2 


(6-18) 
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If we assume (as previously) a constant production cross section for 
E p >25 GeV and write I P (E P ) in the form 

I p (E p )^KpEp r (6-1.9) 


where K p and F are empirical constants, equation (6-18) can be inte- 
grated to give an approximate asymptotic spectrum for E y > 10 GeV. 


The result is 




ho(Ey) -» K&E? 

(6-20) 

with 




Ki. - § <»£>«. (X ) 

(6-21) 


6-4b The i-Process Decays 

The baryons X + , A, V*(1.410), and V*(1.688) decay by the /-process 
defined previously and thereby produce y-rays. Because the /-process is 
a two-stage process, the determination of the distribution function 
fcu(Ey\Ei) requires an integration over an additional energy parameter. 
We will again, as in chapter 5, specify this parameter to be Ey . Equation 
(6-9) can then be expressed as (see derivation of equation (5-61) 


Ii(Ey) 


Ci r dE p I (E p ) 


f Ui r AF ^(E,)m-vdEp)] 

Jli E; J W2E , )Ey ' 

( 6 - 22 ) 


where Mi is the mass of the isobar or hyperon considered; 


Ci = 1 Ei(nE)C and & = 2 (6-23) 

A pi 

with pi defined by equation (5— 55) . 

The relevant parameters needed to solve equation (6-22) for V*(1.410), 
V*(L688), 2 + , and A are given in table 6-d. If we assume, as before, that 
the production cross sections are constant above 25 GeV and that I (E p ) 
can be written as K p Ep T , equation (6—22) can be integrated to yield an 


Table 6-4. — Kinematic Parameters for A, X +, .N* (1A10 ) , and N* (1.688) 


Particle 

fjLi y GeV 

1 

Pi 

\U h GeV 

1 

Li, GeV 

Cif{nL) 


JV*(1.688) 

0.586 

0.339 

0.579 

0.007 

0.737 

6.89 X 10- 2 

7V*(1.410) 

.391 

.262 

.379 

.012 

.954 

3.81 X lO- 2 



.232 

159 

.211 ] 

.022 

1.60 

1.51 x 10-2 

A 

.170 

.0929 

.137 

.033 

1 

1.78 

1 

0.58 X lO- 2 
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asymptotic approximation for E y > 10 GeV. The result is again of the 
form 


with 


Ii(E y) - K(Ey l 

2 KpCm U) — L r 

K . = L™ (2y) r 1 *- 


r “ 




( 6 - 24 ) 

( 6 - 25 ) 


6-4c Gamma Rays From tr°-Mesons Produced by Pionization 

We will now calculate the cosmic y-ray spectrum predicted from the 
decay of kaons and neutral pions created by the so-called pionization 
or fireball processes. (See review article of Fujimoto and Hayakawa, 
1967.) We have already derived the expression for the y-ray spectrum 
produced from neutral pion decay (Eq. (1-100)). It then follows from as- 
sumptions (6-11) and (6-12) that 


o(E y )=2(nL) f dEpI(Ep) f 
J ^th_o J l 


dE* 


I Ey+(MH4Ey) 


a(Err\Ep) 


(6-26) 


The function t \ 7T (E p )(T 1T (Ep ) is plotted in figure 5-9. In the high- 
energy asymptotic limit, we again assume I(E P ) — K p E~ r . We also 
assume WniEnlEp) to be of the approximate form 

criEjr \Ep) = croE$8(E v — Xo E b ) (6-27 ) 


with the coefficients cr 0 and Xo and the exponents a and b taken as 
constants. We then obtain from equation (6-26), for Ey > 5 GeV, the 
asymptotic form 


(Ey) = 2 (nL) f dE P a 0 E° p I(E p ) f dE *^' *° 
Je J *y \ E l~ M V 


-xo m 
M%y/ 2 


which can be integrated to yield the solution 


(6-28) 



iTTo(Ey) — KoEy g l b 

(6-29) 

where 


g= (r+6)-(a+l) 

(6-30) 

and 


K 0 = - (nL)K p aoX^ lb >- 1] 

O 

(6-31) 


Pionization is a term that may be taken to include the various models 
that have been proposed to explain the bulk of pions produced in high- 
energy collisions. In these models, energy lost in the collision is con- 
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Table 6-5. —Parameters for Determining y-ray Spectra From Various 

P ionization Models a 


Model 

Valid energy 
range 

I 

f a 

H 

b 

gfh 

r-2.5 

! 

r=2.7 

r=3.2 

Fermi’s model 

AH E t , 

0.25 

0.75 

2.67 

2.93 

3.6 

(Fermi, 1951). 







1-fireball model 

£,,<150 GeV.... 

.5 

.5 

3.0 

3.4 

NA 

2-fireball model J 

E,, > 10 3 GeV....J 

.25 

.75 

NA 

2.93 j 

3.6 

Landau’s model 

All E P 



(b) 


11 See Fujimoto and Hayakawa (1967). 

b Gamma-ray spectrum proportional to £y 3 2 , according to Lieber et al. (1965). 
NA = Not applicable. 


sidered to concentrate initially into one or more pion-emitting centers 
or fireballs. Studies indicate that the fireballs move relatively slowly in 
the cms compared to the baryons we have considered. Therefore, the 
pions arising from this process are, in general, not so energetic as /- 
process pions. Depending on the model, different multiplicity laws 
£(E P ) are predicted, all of which can be made to fit the data available in 
appropriate regions of E p because of the large errors involved and the 
relatively slow variations of £(E P ) predicted over large ranges of E p . 
The multiplicity laws yield the quantity a in equation (6—27). If we 
assume, as the data indicate, that, on the average, a constant fraction of 
energy goes into pionization independent of E p , then 

6 = 1 —a (6-32) 

The exponent in equation (6—29), g/6, can then be determined for the 
various models, as shown in table 6-5. All the pionization spectra have 
steeper energy dependences (larger gib) than the calculated /-process 
spectra (exponents equal T at high energy), reflecting the fact that 
pionization produces y-rays of lower average energy than the /-process. 


6-5 NUMERICAL CALCULATION OF THE ENERGY SPEC- 
TRUM OF GALACTIC GAMMA RAYS ABOVE 1 GeV 

Equations (6-18), (6-22), and (6-26) were solved numerically (Stecker 
et al., 1968) assuming the cosmic-ray proton energy spectrum to be a 
broken power law of the form K p E~ r , as shown in table 6— 6. 3 The effect 
of a-p, p-a, and a-a interactions was taken into account by estimating. 


3 Table 6 in Stecker (1968a) is in error. 
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from the cross section and energy spectrum data given in figures 5—7 
and 5—9, that p-a and a-p interactions contribute an additional flux 
of about 60 percent of that from p—p interactions and that a- a inter- 
actions contribute another 10 percent. Thus, we may define an effective 
cosmic-ray spectrum in energy per nucleon given by K cr E~} , where 
K cv = UKp. 


Table 6-6. —Form of the Cosmic-Ray Spec£ram I(E cr ) = K C rE c? f 


Energy range, GeV 

K„ 

h cr 

r 

10 to 10* 

JO-0.05 

1Q0.I8 

2.5 

10* to 10 6 . 


1Q0.58 

2.7 

10« to 10 8 - 5 

10 3 * 35 

103.58 

a 3.2 

1Q8.5 tQ JO 1 1 

10TC75 

10-1-52 

a 2.6 


a See Bradt et al., 1965. 


The cross sections for the production of nucleon isobars and hyperons 
in p~p interactions are given in tables 6-1 and 6-2 for E p < 25 GeV and 
were assumed to have the values in table 6-3 for E p > 25 GeV. 

The solution of equation (6-26) for E p < 150 GeV is based on the one- 
fireball model. (See table 6—5.) It assumes a unique average cms pion 
energy independent of E p (see ch. 5 and also Hayakawa et al., 1964) and 
also a multiplicity law of the form C(E P ) ~ Fj/ 2 . The upper limit of 150 
GeV on E p for the validity of the one-fireball model is in accordance with 
the treatment of Fujimoto and Hayakawa (1967). For E p > 500 GeV, a 
two-fireball model may be taken to approximate the data more closely. 
As for the one-fireball model described above, equation (6-26) must be 
integrated numerically; the two-fireball model may be well represented 
by the asymptotic solution given by equation (6-29) with a = 0.25 and 
6 = 0.75. (See Fujimoto and Hayakawa, 1967.) A smooth transition be- 
tween the one-fireball and the two-fireball models was assumed to occur 
in the region 150 ^ E p ^ 500 GeV. It is found that the resulting solution 
is determined by the one-fireball model for Ey < 3.5 GeV and by the 
two-fireball model for Ey > 10 GeV. 

Figure 6—1 shows the total y-ray spectrum calculated with the use of 
equations (6—18), (6—22), (6-26), and (6-29), as just described as well 
as the results from chapter 5. Our results in figures 6-1 and 6~2 show 
that if we sum the contributions to the y-ray spectrum from the pioniza- 
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LOG E (GeV) 
10 y 


FIGURE 6-1. — Calculated -y-ray spectra from various secondary particles produced in galac- 
tic cosmic-ray interactions. 


tion processes just described and from the i-process discussed in the 
previous section, we find that the characteristics of the spectrum for 
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Figure 6-2. —Total calculated galactic y-ray production spectrum as described in the text. 
The internal error in absolute intensities (due to uncertainties in experimental cross 
sections, cosmic-ray intensity, and branching ratios) is approximately 35 percent. The 
error in T is approximately 0.2. 


£’y>6000 GeV may indeed be determined by the decays of various 
hyperons and baryon resonances . 4 


4 For a discussion of the effect of hyperons and nucleon resonances in atmospheric 
cosmic-ray interactions and a comparison with the observed y-ray and muon spectra as 
well as the muon charge ratio, see Pal and Peters (1964). Observational verification of the 
importance of the /-process in interactions where E }) > 10 3 GeV can be found in Kazuno 
(1964). 
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The characteristics of the y-ray spectra given in figures 6—1 and 6-2 
can be readily understood. The increase in the primary spectral index 
from 2.7 to 3.2 at 1000 TeV results in a corresponding increase in the 
spectral index of the i- process y-ray spectra from 2.7 to 3.2 at about 
200 TeV. However, the change in the primary spectrum produces a more 
pronounced steepening in the spectral index of the pionization y-ray 
spectrum, increasing it from 2.9 to 3.6 at approximately 3 TeV. (See 
table 6~5.) The effect of these changes on the total y-ray spectrum 
(t-process plus pionization) is a gradual increase in the spectral index from 
2.9 to 3.2 between 3 and 300 TeV. The total calculated spectral index 
is approximately 2.9 between 0.1 and 1 TeV and 3.0 between 1 and 10 
TeV, and is consistent with the present data on the y-ray spectrum pro- 
duced by atmospheric cosmic-ray collisions, as summarized by Fujimoto 
and Hayakawa (1967). 




Chapter 7 


Equilibrium Spectra of Secondary Cosmic-Ray 
Positrons in the Galaxy and the Spectrum of 

Cosmic Gamma Rays Resulting From Their 
Annihilation 


7-1 INTRODUCTION 

The annihilation of cosmic-ray positrons has for some time been rec- 
ognized as a potential source of cosmic y-rays. Gamma-ray fluxes from 
cosmic positron annihilation have been estimated and discussed by 
various authors (Pollack and Fazio, 1963; Hayakawa et al, 1964; and 
Ginzburg and Syrovatskii, 1964). Pollack and Fazio (1963) have discussed 
the possible relationship between the present flux of 0.5-MeV y-radiation 
from positron annihilation and the cosmic-ray intensity and galactic 
gas density 10 9 years ago. Ginzburg and Syrovatskii (1964) have pointed 
out that the intensity of the 0.5-MeV line may be a sensitive measure 
of the leakage rate of cosmic-ray positrons from the galaxy. These 
authors have also given an approximate formula for the calculation of 
the y-ray spectrum from the annihilation of high-energy positrons. 

It has therefore become apparent that the cosmic y-ray spectrum from 
cosmic-ray positron annihilation may contain much potential information 
reflecting various astrophysical conditions in our own galaxy and in 
possible cosmic-ray sources, both galactic and extragalactic. 

Cosmic-ray positrons may be produced in the galaxy either from the 
decay of secondary 7r+-mesons via the decay chain 

t t+-»u+ + i/ m (7-1) 

e + + Ve + 

As was the case with the neutral pions discussed previously, the 
positive pions may be produced either in cosmic-ray interactions with 
the galactic gas or in matter-antimatter annihilations. 

In addition to the positrons resulting from pion decay, lower energy 
positrons are produced in the galaxy, principally by cosmic-ray 
p— 14 N, and — 16 O collisions at relatively low energy, which result in the 
production of radionuclei having /3-ray-positron-emitting decay modes. 

125 
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Since these interactions are nuclear transmutations rather than pion- 
producing interactions, they involve relatively low threshold energies 
(of the order of 10 MeV rather than 300 MeV). Moreover, the /5-ray 
positrons are produced in the galaxy, principally by cosmic-ray p- 12 C. 
whereas the spectrum of pion- decay positrons peaks at about 35 MeV 
and decreases rapidly toward lower energies. Thus, if there exists a 
large flux of low-energy galactic cosmic rays, these particles may provide 
the most copious source of low-energy cosmic-ray positrons. This source 
may then contribute significantly to an observable flux of positrons near 
the Earth at and below 1-MeV energy. Furthermore, because of their low 
energy, /3-ray positrons are much more likely to stop and annihilate in 
the galaxy to produce 0.5 1-MeV y-rays than are the positrons from the 
pion-decay process. Reversing the argument leads to the conclusion that 
the intensity of the 0.5 1-MeV positron-annihilation line in the galaxy 
may provide a sensitive measure of the galactic cosmic-ray flux below 
1 GeV/nucleon. 

A typical cosmic-ray positron may undergo one of three fates: it may 
escape from the galaxy, annihilate with an electron while at relativistic 
energy, or lose almost all of its energy before annihilation. One must, of 
course, consider that annihilations may occur either between free elec- 
trons and positrons or through the formation of intermediate bound states 
of positronium. All of the physical processes listed in this section must 
be considered in calculating the final positron annihilation y-ray spectrum. 


7-2 THE POSITRON PRODUCTION SPECTRUM FROM THE 
DECAY OF POSITIVE PIONS 

Positron production arising from pion-producing cosmic-ray inter- 
actions followed by the decay process (7-1) has been discussed in many 
places in the literature (Hayakawa, 1963; Hayakawa and Okuda, 1962; 
Hayakawa et al., 1964; Ginzburg and Syrovatskii, 1964; Jones, 1963, 
1965a; Pollack and Fazio, 1965; Scanlon and Milford, 1965; Ramaty and 
Lingenfelter, 1966a, b, 1968; and Perola, Scarsi, and Sironi, 1968). We 
present here a brief review of the kinematics of the decay along with the 
results of the most recent calculations by Ramaty and Lingenfelter. 

The decay process (7-1), being a three-stage decay chain, will involve 
three intermediate integrations of the form of equation (1-14) in order 
to determine the positron production spectrum. The decay 

7T + -“-> + { 1 - 2 ) 

is a two-particle decay involving one massless particle (the neutrino), 
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so equation (1-78) is applicable. From equations (1-65) and (1-78), we 
obtain 


E u 


Err 

M n 


7 M*+M* 

A 2 Mrr 


or, using p and p, 


E% ) \ 2 Mrr 


cos O' 


(7-3) 


Ev = E v [t)(M V9 + MJ cos O'] (7-4) 


As was shown in chapter 1 (e.g., see eq. (1—147)), equation (7—4) can 
also be expressed as 

M 2 

= M m ) cos 0 ']£ m (7-5) 

through the use of equation (1-42); equation (7-5) can be used to place 
limits on the energy range of pions which produce muons of energy E M . 
We thus obtain 


r,j? X f E ir» max 

f(E») = J e 


dEr; 


f(En) 

(El- Ml) II* 


where 


E— max 


Ml 


n Ml 




(7-6) 

(7-7) 


Equation (7—7) may be numerically approximated by 
E n m ax = (1.36 zb 0.36/3 M )£ M 


and, as /3 M 1, 


Eir. max * ( 7 f ) 2 1 . 72 £ m 


min * 


The decay 


p, + — » e + 4- + V\x 


(7-8) 


(7-9) 

(7-10) 


is a three-body decay with a resultant broad energy spectrum of the 
positron in the rest system of the muon. Let us denote the normalized 
positron energy spectrum in the muon rest system by Z) M (£'e). It has 
been shown that 
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where E* is the maximum energy available to the electron in the decay. 


E*~- 


,Mja 

2 


1 + 


m 


Mu 


(7-12) 


and (a — 3/4 is the Michel parameter (Michel, 1949), 

From equations (1-42) and (1-49) we obtain the relation between E u 
and Ee for a given value of E e as 

M u 


Ep = j*EeEi( l + Pefc COS O') 


(7-13) 


which sets the limits on the energy range of muons which produce 
positrons of energy E e . 

Putting all of these results together in a manner similar to that used 
in chapter 1 for obtaining formulas for y-ray production spectra, we 
obtain 

r E* clEeD(Ee) fWJWE&a+fi'flr) 


„(v)=2™ [■ dErHEp) r^ar” B v, 

J E { h JM e V E/ ~ Mj J (MJMi)E r E',(\-p,.p: ) 

f Wyui 

X 

J (Mil Mi) 


iy(v+Ppp)Ep (r(E n \Ep) 
(En 


(7-14) 


) {T)-$pp)Ep. 
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It is of interest to note that most calculations of the positron production 
spectrum from pion decay have included the approximation of neglecting 
the muon recoil in the pion decay by setting /3 M — /U- In this approxi- 
mation, the right-hand integral in equation (7 — 14) is eliminated, and the 
muon and pion production functions obey the relation 


a ,A.E ijl\E p) 






“) 


(7-15) 


Ramaty and Lingenfelter (1966a) have shown that this approximation 
introduces little error into the calculation. 

The most recent determination of the positron production spectrum 
from charged pion decay, as calculated by Ramaty, is shown in figure 
7-1. 


7-3 THE POSITRON PRODUCTION SPECTRUM FROM THE 
DECAY OF RADIONUCLEI 


The production spectrum of radionuclei q, (E r ) is given by (Ramaty, 
Stecker, and Misra, 1970) 

q r {E r ) =47T 2 f dEi Ii(Ei)n k (Tr,ik(Ei)fr,ik(Er\Ei) (7— 16) 

i . k *1 

where E\ and E r are the energies of the primary and secondary particles, 
respectively; / \ is the intensity of primary cosmic-ray nuclei of type i in 
interstellar space; nk is the number density of interstellar gas atoms of 
type k ; or r , \k is the interaction cross section for production of a radio- 
nucleus of type r, and f r ,ik(E r \Ei) is the normalized energy distribution 
function for production of a nucleus with energy E r in an interaction of 
energy E\. 

Among the variety of /3-emitting nuclei which may be formed in galactic 
cosmic-ray interactions, only 11 C, 13 N, 14 0, and 15 0 contribute signifi- 
cantly to positron production. The principal reactions and their threshold 
energies are given in table 7—1 along with their decay modes and maxi- 
mum positron energies. The cross sections were summarized by Lingen- 
felter and Ramaty (1967) and by Audouze, Epherre, and Reeves (1967). 
The distribution functions f r jk(E r \Ei) are, in general, unknown. Their 
detailed form, however, is not important for the present problem since 
most of the positrons are emitted from nuclei decaying near rest. Thus, 
the positron production spectrum is determined mainly by the /3-ray 
spectrum of the parent nuclei. Ramaty et al. (1970) assumed that in these 
p-CNO interactions, the kinetic energy per nucleon is equally distributed 
among all the secondary nuclei produced, so that 


f r> ik(E r \Ei) = 6 



Ej~ Mj — Qif; 

Ai + Ak 


“ Mr 


(7-17) 
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Table 7 - 1 . — Principal Reactions Leading to Production of B-E mining 

Nuclei 

[See Audouze et al., 1967] 






Maximum 

Reaction 

or , mb 

Decay 

Half-life 

; positron 

energy, MeV 

12 C (p, 3p2/?) 8 B 

? 

8 B(/3 + ) 8 Be 

0.78 s 

1.4 

12 C (p, p2n)'°C 

~ 3 




14 N (p, 2p3n) ,0 C 

? 

l0 C( ( 8+)>»B 

19 s 

1.9 

16 0 (p, 3 pi 4n)'°C 

<10 




12 C(p, pn)“C 

-70 




14 N(/>, 2p2n)"C 

-30 

n C(/3 + )"B 

20.5 min 

0.97 

1(1 0(p, 3p3n)"C 

-10 




I2 C (p, n ) ,2 N 

9 




,4 N (p, p2n)«N 

? 

12 N(/3 + ) 12 C 

0.011 s 

16.4 

> 6 0(p, 2p3») 12 N 

? 




l4 N(/;, pn)'*N 
1 s O(/j, 2/)2/i) 13 N 

-15 
- 10 

13 N(/3+) 13 C 

10.0 min 

1.19 

14 N(/j, /i) 14 0 

! a — 50 

14 0(/3 + ) ,J N 

71 s 

1.18, 4.14 

1b O(/j, p2/i) 14 0 

< 10 

16 0(/;, pn)‘ !, 0 

-50 

l5 0(j8 + ) ,5 N 

2.06 min 

1.74 


?™Unknown and not included in estimate of positron production. 

a This cross section has a value of about 10 mb at energies below 12 MeV but is negligible 
above 150 MeV. 

where A\ and A k are the mass numbers of the incident and target nuclei, 
respectively. 

They assumed for the purposes of calculation that the ratios H:C:N:0 
in the interstellar gas are 1 : 3.4 X 10“ 4 : 1.1 X 10~ 4 : 5.8 X 10 -4 , based 
on the composition of the solar atmosphere (Durgaprasad et al., 1968), 
which agree reasonably well with the universal abundances given by 
Suess and Urey (1956) and Cameron (1959). 

The cosmic-ray energy spectrum and charge composition at solar 
minimum has been measured by a number of experimenters. The 
proton spectrum above 20 MeV was summarized by Gloeckler and 
Jokipii (1967), and the spectrum below 20 MeV is given by Fan et al. 
(1968). The CNO spectra above 50 MeV/nucleon were summarized by 
Meyer (1969). Because of the lack of data at lower energies, we have 
assumed that these spectra are of the form Ef A , normalized to observa- 
tions at higher energies. 
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The interstellar primary cosmic-ray intensities can be obtained from 
the solar minimum spectra through multiplication by a modulation 
f u notion of t h e f o rm 


M ( R ) = 


Jjexp (JirlRofS) 
' exp (RrIRp) 


for R < R o 
for R > Ro 


( 7 - 18 ) 


where R and f3 are rigidity and velocity respectively, Ro is a characteristic 

transition rigidity that depends on the distribution of interplanetary 
magnetic field irregularities, and R r is a parameter which is space and 
time dependent and defines the total residual modulation. This modula- 
tion function was recently discussed by Ramaty and Lingenfelter (1969). 
They have shown that above a rigidity of 500 MV the observed cosmic-ray 
2 H and 3 He spectra are consistent with those obtained from nuclear 
interactions in interstellar space, with R r ~ 350 MV and a mean path- 
length for galactic cosmic rays of X ~ 4 g/cm 2 . Since there is no informa- 
tion on residual modulation at lower energies, we have to treat Ro as a 
free parameter. 

Since the lifetimes of the CNO /3-emitters are short, the positron pro- 
duction spectrum q+ can be obtained directly from the spectra q r by 
taking into account the kinematics of the decay. Thus, 


q+(E+) 


1 [S* clEiPjE') f£r. max dE r qr(E r ) 

n (£*- w ?.) 1/2 


(7-19) 


where E r , E+, and E+ are the total energies of the decaying isotope, the 
positron in the rest frame of the isotope, and the positron in the galactic 
rest frame, respectively; E* is the maximum value of E f + and is given in 
table 7-1 for the various isotopes involved. The function P(E+) is the 
normalized distribution function for positron production from bet a -decay 
processes and is given by Fermi (1934) as 

P(F;) oc E’ + (E?-M*)'IHE*-E’ + )* (7-20) 


The limits J? r max are found once again by using equations (1-42) and 
(1-49) and are given by 


E r , 


Mr 

max== l^£’n 

nun 


F;(i±p + p;) 


(7-21) 


Using the data previously discussed, Ramaty et al. (1970) have numeri- 
cally solved equations (7—16) and (7—19) for the solar minimum spectrum 
and for R r = 350 MV with various values of R o. As an extreme assump- 


411-892 0 - 71 - 10 
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tion, they also used a power-law cosmic-ray spectrum of the form 7V 2 - 5 , 
with low-energy cutoffs T c at 5, 15, and 100 MeV/nucleon. 

The resultant production spectra together with the positrons that 
would result from pion decay are shown in figure 7~~4. As can he seen, 
the CNO source becomes significant only if there are large fluxes of 
low- energy cosmic rays. The large positron production at low energies 
for R o — 200 MV and for the power-law spectrum comes primarily from 
. 13 N arid u O produced by low-energy protons via the reactions 16 0(p, 
2p2/?) i:i N and 14 N (p, n) u O. 

7-4 THE EQUILIBRIUM SPECTRUM OF SECONDARY 
GALACTIC POSITRONS FROM PION DECAY 

In order to calculate plausible annihilation y-ray spectra from our 
own galaxy, we will assume that the only source of galactic cosmic-ray 
positrons above a few MeV energy is the result of primary cosmic rays 
colliding with atoms of interstellar hydrogen and helium gas in the 
galaxy and producing positive pions which rapidly decay into positrons 
and neutrinos. 

We further assume that these positrons have readied a quasi-equilib- 
rium condition in the galaxy determined by leakage out of the halo, 
annihilation, and energy loss by ionization and coulomb interactions, 
bremsstrahlung, Compton collisions, and synchrotron radiation. 

The positron equilibrium energy spectrum n(E+)dE+ then obeys the 
relation 

j t J " dE+ n(E+, t) = J ” (IE+ q(E+, t) - J* dE + r r (E + , t ) (7-22) 

where q(E + , t) is the generating source function of high-energy positrons 
(in this case, from the decay of mesons formed in high-energy inter- 
actions) and r T (E + , t) is the total positron loss rate due to annihilation 
and leakage from the galaxy. 

In the cosmic medium, energy loss mechanisms such as synchrotron 
radiation are at work, resulting in a continuous loss of energy per positron. 
We can take this effect into account by transforming equation (7-22) into 

J” dE+ [A n{E+ , t ) +-|_ („(£ + , t) ±)] = £ dE + [q(E+,t)—r T (E+, /)] 

(7-23) 

For convenience, we will now drop the subscript and rewrite 

e quation (7 ^2 3) in the diffe r entialform 


(7-24) 
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with the Joss term r(E, t) rewritten in terms of a survival time r s (E, t) 
such that for an annihilation time r,t and a leakage time r;. 


and 


_ t -4(E, /) 

T a(E, t) +T,(E , t) 


r(E ) 


(IE 

dt 


( 7 - 25 ) 


( 7 - 26 ) 


The Green’s function form of equation (7-24) is 

l C[E,t\E',t'] + ± [ r{E ,t)G[E,t\E’ + 

= 8(E-E')8(t~t’) (7-27) 


In the case where r(E [ t) = r(E) and n e -(t) = n e - independent of 
time, the Green’s function for equation (7-27) has the structure 


\t — t' 


G[_E,t\E',t'-\ (r(£)| exp[ ^ T(£ . ) | r(£ » ) |] fi(« 

[»' dE" \ 
L \r(E") \ ) 

Thus, the solution for n{E, t) is 

exp [-f £ _ ^ 1 

F L J* t(E") \r(E") | J 


(7-28) 


(7-29) 


At this point, we will refer back to the basic formulas derived in chapter 
2 for calculating the y-ray spectra from positron annihilation. We will 
again find it useful to discuss these calculations in terms of the positron 
Lorentz factor, y~E/M e . Assuming a time-independent source q+(y), 
we can then write equation (7-29) as 


n(y) = 


1 

kCy)l 



q+(y r ) exp 



dy” 

r(y")\T s (y")\_ 


(7-30) 


Equation (7—30) may then be used to obtain numerical solutions for 
u(y) and the positron equilibrium flux 
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The survival time used will be given by 


I = 1 

'r.s(y) r A (y) 


1 

n{y) 


(7-32) 


with r,i(y) and 7 -/( 7 ) being the annihilation time anti mean leakage time 
(or diffusion time) for positrons of energy yMc 2 . From equation ( 2 ~ 22 ), 
we obtain 


1 

ta ( y) 


n e -aoC 

y 


y-1 y/ 2 f y 2 + 4y+l 
7+1/ 1 7 2 — 1 


In [ 7 + ( 7 2 — 1 ) 1/2 ] 
7+3 | 

(72-1)1/2] 


(7-33) 


The leakage time 
velocity so that 


will be assumed to be inversely proportional to 


1 _ (y2-l)i/2 

ri(y) 7 Ti 


T}~ constant 


(7-34) 


Most of the interstellar gas in our galaxy is unionized with the excep- 
tion of the so-called H-II regions near the very hot O and B stars, which 
are powerful sources of ionizing ultraviolet radiation. Allen (1963) gives 
the proportion of space near the galactic plane occupied by clouds of 
interstellar gas and dust as 7 percent and that occupied by ionized clouds 
(H-II regions) as 0.4 percent. We will therefore assume that the galactic 
gas is entirely neutral for the purposes of these calculations and take 
for the energy loss rate from ionization the expression (see Heitler, 1960; 
Morrison, 1961): 


r/(r)=|go« f -c ( , 7 | . j In [y(y— 1) (y* — 1)] 

- L 695 ( i ^ i )“ I T} (7 ' 35) 


The energy loss rate from bremsstrahlung may be taken as 


J'B(y) ~ 7.3 X 10 _ 16 /2 e 7 (7-36) 

based on radiation lengths for hydrogen and helium given by Dovzhenko 
and Pomanskii (1964). 

The loss rate from synchrotron radiation and Compton collisions may 
be taken as 

r* +c (y) - (1.3 X IO - 9 // 2 +3 X 10~ 11 pr)7 2 (7-37) 


where H is given in gauss and the radiation density pyis given in eV/cm 3 
(Ramaty and Lingenfelter, 1966a). 
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The total positron energy-loss rate is taken to be the sum of equations 
(7-35) through (7—37), so that 

r(y) — n(y) + r B (y) + r s+c (y) (7-38) 

We have now specified all the quantities needed for the numerical 
solution of equation (7~30). The solution to equation (7-30) then yields 
the function /? (y) , which can be used in equation (2-19) to obtain a 
numerical solution for the in-flight annihilation y-ray spectrum (AGS) 
discussed in chapter 2. From equations (2-19) and (7~30), we obtain 


yh y) 

y(y2 _ 1) 1/2 |r(y) | 


Q(v) = 4 #+ [^jne-orQC J dy ; 

X /r" ‘ ,y ' q ’ iy ' ) eXP [-/; R7TM7) ] <7_39) 


An interesting case to note in calculating the equilibrium positron 
spectrum /+(y) is that for which the source q+( y) is a source of low- 
energy positrons, as is the case with the positrons arising from /3-decay as 
discussed in section 7-3. For those positrons, ionization losses pre- 
dominate so that r(y) — r/(y), which is proportional to the gas density. 
We may then reformulate equation (7-30) in a slightly different, but 
instructive, way. 

The leakage lifetime tl can be expressed in terms of the mean amount 
of matter traversed by cosmic rays, A = pc fin. From cosmic-ray spalla- 
tion studies, it is found that A ** 4g/cm 2 . 

Equation (7-31) for the equilibrium positron flux /+ = n+ficl^ir can 
be written as 


My) = /." dy ' qM) exp 


i f y dy 1 i 

Xjy K{ y") l+XIX A (y")\ 

(7-40) 


where K(y) = r(y)/p(3c (in cm 2 /g) is the stopping power of protons in 
hydrogen, and Xa is an equivalent annihilation pathlength given by 


X A (y) — 9.3(y + 1) [^±^±1 In (y+ Vy 2 -1) 

g/cm 2 (7-41) 

As can be seen, the positron intensity /+ depends only on the inter- 
stellar cosmic-ray intensity (through the production function q+) and on 
the pathlength A. Furthermore, at low positron energies, where the 
range of these particles is much smaller than A, 1+ depends only on the 
cosmic-ray intensity itself. 


y + 3 

Vy2 — ] _ 
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Table 7-2,— Average Astrophysical Parameters for the Galactic Disk 

and Halo 



n e , cm - 1 * 3 

H , fxG 

pv, eV/em 3 

1), 10« yr 

/- t -fr» cm 

Disk 

0.5-1 

6 

0.45 

2-4 

3 X 1 0 22 

Halo 

1-3 X 10- 2 

3 

0.65 

100-300 

5 X 10 22 



In order to utilize equations (7—30) and (7-39) to determine the positron 
equilibrium flux and AGS in the galaxy, Stecker (1969a) chose typical 
average values for the quantities n e , //, py, and Ti for both the galactic 
disk and the galactic halo models. These values are given in table 7-2. 
The radiation density py includes the contribution of 0.25 eV/cm 3 from 
the 2.7 K universal microwave field (Stokes, Partridge, and Wilkinson, 
1967). 

Using the values given in table 7-2 for the galactic halo model to 
integrate equations (7~30) and (7—39) numerically, Stecker (1969a) 
obtained typical galactic spectra from pion-decay positions for /+ ( y) 
and Q(i 7 ). The results are given in figures 7-2 and 7—3 for various 
values of mean pathlength X (g/cm 2 ) and corresponding 7V The flux of 
annihilation y-radiation observed at the Earth, I a ( 17 ), is given by 

Ia (v)=^ q (v) (7-42) 

where L eff is the effective pathlength for y-ray production. 

For leakage times less than 10 million years, the equilibrium positron 
flux has roughly the same characteristics as the source spectrum of 
figure 7-1, and its magnitude is proportional to the leakage time. In the 
case of longer leakage times, the positrons are trapped in the galaxy for 


1 The relation between mean pathlength X and mean leakage time T\ is given by the 

equation X — pcTf, where p is the mean density of the gas in the medium (Ramaty and 

Lingenfelter, 1966a). Assuming the galactic medium is 90 percent hydrogen and 10 percent 

helium, with A in g/cm 2 , n H in atoms/cm 3 , and T\ in millions of years, this relation becomes 
X — SuhTi. Thus, for a halo model with X — 5 g/cm 2 and n fi ~ 10“ 2 cm -3 , 7/= 10 8 years; 

whereas for a disk model with A' — 5 g/cm 2 and n l{ ~ 1 cm -3 , 75 — 10 fi years. We choose 

here to discuss the background y-ray spectrum from a halo model of the galaxy, since it 

has been shown by Ramaty and Lingenfelter (1966b) that such a model gives a positron 
equilibrium spectrum, even in the disk, which is almost identical with that obtained for a 
disk-plus-halo model. The inclusion of a spatial diffusion term of the form 7>oV 2 /V in equa- 
tion (7-24) will have little effect for positrons with y < 2 X 101. It may also be noted that a 
recent study by Anand, Daniel, and Stephens (1968) indicates that there is no large gradient 
of the cosmic-ray electron intensity between the disk and the halo for energies less than 

10 GeV. 




FIGURE 1 - 2 . ~ Various positron equilibrium fluxes for the halo model of the galaxy given 
for various approximate mean pathlengths and mean leakage times (Stecker, 1969a). 


a sufficient time for the energy loss processes, particularly ionization loss, 
to affect the spectrum by progressively flattening it below 30 MeV. Studies 
of spallating cosmic-ray nuclei yield a mean pathlength, A = 4ihl g/cm 2 
for cosmic-ray nuclei. The curve in figure 7—2 corresponding to X = 5 
g/cm 2 is in agreement with the cosmic-ray positron measurements of 
Hartman (1967). It may be noted that measurements of the galactic 
positron flux below 30 MeV would yield a more sensitive check on the 
galactic mean leakage time. 

Figure 7-3 shows the annihilation y-ray spectra obtained using the 
positron equilibrium fluxes of figure 7~2. The spectra shown are from 
annihilations in flight of positrons having energies greater than 5 keV. 
The AGS from positrons annihilating with energies below 5 keV will be 
discussed in the next section. It can be seen that the peaks of these 
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Figure 7-3. —The annihilation y-ray flux spectra for the positron equilibrium fluxes given 
in figure 7-2 that result from annihilations in flight of positrons with energies greater 
than 5 keV (Sleeker, 1969a). 


spectra lie in the region 1/2 < r\ < 1. This effect is due to a pileup of 
those y-rays from the annihilation of relativistic positrons that are 
emitted in the backward direction in the cms. (See ch. 2.) 

Using a value of 4 g/cm 2 for X and the formulas given in this chapter, 
Ramaty et al. (1970) calculated the total positron source spectrum and 
equilibrium flux in the galaxy from both pion-decay positrons and /3-decay 
positrons. These spectra were calculated for various values of R r and 
Ro in equation (7—18) in order to convert from the cosmic-ray spectrum 
measured at the Earth to various possible galactic cosmic- ray spectra . 
As an extreme case, Ramaty et al. (1970) also considered power-law 
cosmic-ray spectra in kinetic energy per nucleon with an exponent of 
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FIGURE 7-4. — Positron production spectra per gram of interstellar material calculated using 
a power-law cosmic-ray spectrum with various low-energy cutoffs, 7V, and demodulated 
solar minimum spectra with various values of Rr and Rq (Ramaty et al., 1970). 


— 2.5 and various low-energy cutoffs, T c . The source spectra calculated 
are shown in figure 7-4 and the resultant equilibrium spectra are shown 
in figure 7-5. As can be seen, the source spectra and equilibrium spectra 
of low-energy /3-ray positrons are particularly sensitive to the various 
modulation parameters which determine the low-energy cosmic-ray 
flux. This is, of course, due to their low production threshold energy. 

As can be seen, positrons with energies greater than about 2 MeV 
come principally from pion decay. At lower energies, the relative contri- 
bution of "the /3-emitters depends critically either on the value of 7? o (for 
R r — 350 MV) or on the assumed low-energy cutoff (for a power-law 
spectrum). 



POSITRONS (M-SEC-SR-MeV) 
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The energy densities of cosmic rays for the various spectra just dis- 
cussed are given in table 7 ~ 3. As can be seen from figure 7-5 and table 
7-3, unless the energy density in low-energy cosmic rays is of the order 
of a few tens of electron volts per cubic centimeter, most of the positron 
flux at ~ 1 MeV would come from pion decay rather than CNO /5-decay 
and would be small compared to the upper limit given by Cline and 
Hones (1968). If spread uniformly over the galactic disk, such energy 
densities lead to serious difficulties regarding the stability of the galaxy 
(Parker, 1966). On the other hand, since the ranges of both low-energy 
protons and positrons are short (—0.1 g/cm 2 ), the — 1-MeV positron 
measurements sample only a small region of space which may not neces- 
sarily be representative of the galaxy as a whole. 

For example, consider a 10-MeV proton; its range in hydrogen is 
0.05 g/cm 2 , which, for an ambient density of n atoms/cm 3 , leads to a 
lifetime t «= 2 X 10 5 /n years. The net streaming distance corresponding 
to t is a ~ (4/3X/3cf) 1/2 , where X is the mean free path for diffusion. If 
\=1 pc, a « 100/n I/2 pc. Since the rate of supernova explosions in the 
galaxy (volume ~ 2 X 10 66 cm 3 ) is about 10 -2 per year, in a spherical 
volume of radius 100/n 1/2 pc a supernova would be expected to occur 
once every 2 X 10 6 /i 3/2 years. For n > 1 atom/ cm 3 , this time interval is 
much larger than the lifetime against ionization given before. Therefore, 
if these protons are produced in supernova explosions and not by more 
frequent events such as novae or flare stars, their intensities would 
exhibit sharp maxima close to the time of the explosion and decay to 
much lower values later on. According to Gold (1969), a supernova ex- 
plosion may liberate as much as IQ 52 ergs. If 50 percent of this is in low- 
energy cosmic rays, the mean energy density for about 2 X 10 5 /rc years 
over a sphere of radius 100/nT 2 pc would be — 30 n 312 eV/cm 3 . This is 
sufficient to produce a detectable flux of fi - ray positrons. On a galactic 
scale, however, the same sources of low-energy cosmic rays occurring 
at a frequency of 10” 2 per year would only produce an average energy 
density of 3 In eV/cml For n= 1, this is somewhat large but not in- 
consistent with the overall energetics of the galaxy. 

Since the large fluxes of low-energy cosmic rays are restricted to 
small volumes and short times, they do not conflict with observations 
that integrate over large distances, such as the temperature of H-I 
clouds, based on 21-cm observations, and the density of free electrons, 
based on the observed spectrum of nonthermal radio emission. (The 
connection of these quantities with low-energy cosmic rays was dis- 
cussed by Balasubrahmanyan et al. (1968). The — 1-MeV positron 
measurements, however, by sampling only a small region of space 
corresponding to the range of the positrons of 0.2 g/cmr ( t ^ 10 Hn years , 
a ~ 10/n l{2 pc), may provide evidence for local enhancement of low- 
energy cosmic-ray fluxes. 
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As can be seen from figure 7-5, given a reasonable solar modulation, 
the positron measurements above a few MeV are all consistent with the 
calculated spectra from the pion-decay process. Since the range of 
protons above pion production threshold is larger than 4 g/cm 1 2 3 , these 
spectra represent mean values over time periods comparable to the 
positron leakage lifetime from the galaxy. The spatial and temporal 
inhomogeneities discussed previously, which would allow large but 
localized low-energy cosmic-ray fluxes, do not apply to this energy 
domain. The positron spectrum above a few MeV, obtained from a de- 
modulated cosmic-ray distribution with R r = 350 MV, would therefore 
be a good representation of the interstellar positron intensity. 


7-5 THE NUMBER OF COSMIC-RAY POSITRONS ANNI- 
HILATING NEAR REST 

We now come to the problem of determining the AGS from cosmic-ray 
positrons annihilating near rest. Because some aspects of this deter- 
mination seem deceptively simple, there has been a tendency to over- 
simplify this problem in the literature. For this reason, I will first list 
various aspects of the problem essential to an accurate analysis before 
proceeding to treat them. 

(1) The most important source of the cosmic-ray positrons having 
energies greater than a few MeV is the decay of secondary charged 
pions. There are, however, sources of relatively low energy posi- 
trons (less than a few MeV) which, as we have seen, may have a 
greater probability of being trapped inside the galaxy until they 
annihilate near rest. These sources are the /3-emitters, which are 
produced predominantly by low-energy cosmic-ray interactions 
involving carbon, nitrogen, and oxygen. Therefore, any observable 
0.5-MeV line radiation from the galaxy may be primarily due to 
these /3-emitters and an observation of the intensity of the 0.5-MeV 
line could supply information on the intensity of low-energy cosmic 
radiation in the galaxy. 

(2) In considering annihilations near rest, one must consider the 
possibility of the intermediate formation of the bound electron- 
positron system; i.e., the positronium atom. At low energies, the 
cross section for positronium formation becomes much greater 
than the cross section for free annihilation. 

(3) Once formed in interstellar space, a positronium atom will anni- 
hilate into three photons 75 percent of the time. This situation, as 
we have seen in chapter 2, contrasts sharply with the case of free 
annihilations, where three-photon annihilations occur with a prob- 
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ability of less than 1/2 percent. Therefore, the three-photon anni- 
hilation process, which produces a continuous spectrum from 0 to 
0.5 MeV, must be considered along with the two-photon line anni- 
hilations . Their relative importance depends directly on the frac- 
tion of positrons which ultimately form positronium. 

The positrons which annihilate near rest most likely come from two 
sources: 

(1) Positrons from the decay of secondary charged pions which were 
created at low enough energies to be trapped for a sufficiently long 
time in the galaxy to lose essentially all their energy before either 
annihilating in flight or escaping from the galaxy. 

(2) Positrons from the decay of ^-emitting nuclei formed in collisions 
of low-energy cosmic rays involving nuclei of carbon, nitrogen, and 
oxygen. 

The fraction of the original positron flux from the decay of secondary 
pions which annihilate near rest,/*, is given by 


43) 


This fraction was calculated numerically (Stecker, 1969a) using equations 
(7~32) through (7—38) and is given in table 7-4 and figure 7-6 for various 
possible mean leakage times 7/ Table 7—4 also gives the corresponding 
values of Q resti the total number of positrons from pion decay per gram 
per second annihilating below 5 keV for the halo model of table 7-2 
Q rest , 7 T being defined by the numerator of equation (7—43). 


/+ 


* „ 
_J\ 


dy q+(j) exp 


_ d r 

J 1 l'(y)My') J 


*oo 

dy q+(y) 
J 1 
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Table 7—4. — Annihilations Near Rest (T+ ^ 5 KeV) 


Ti, 10° yr 

/+, % 

Q rest. 1 *® 

00 

80 

4.8 X 10 “ 2 

600 

20 

1.2 X10- 2 

300 

9.3 

5.6 x 10~ 3 

100 

1.6 

9.6 X 10~ 4 

60 

.61 

3.7 X10- 4 

30 

.14 

8.4 X 10- 5 

10 

.022 

1.3 x 10~ 5 

6 

.0065 

3.9X 10-6 

3 

.0025 

1.5 X10- 6 
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Figure 7— 6. —The fraction of pion-produced positrons which annihilate at energies less 
than 5 keV as a function of mean leakage time (Stecker, 1969a). 


In the case of an infinite leakage time (all positrons being trapped and 
annihilating in the galaxy), we find that 80 percent of the positrons pro- 
duced annihilate near rest, a figure which is in perfect agreement with 
that given by Heitler (1960) as an asymptotic value for the annihilation of 
ultrarelativistic positrons when the dominant energy loss comes from 
ionization. However, for the leakage time usually considered as plausible 
for the galactic halo (10 8 years, corresponding to X — 5 g/cm 2 ), only 
1 to 2 percent of these positrons annihilate near rest. 

Ramaty et al. (1970) made use of equation (7-43) to calculate the 
total number of positrons that annihilate near rest, including the contribu- 
tion of /3-ray positrons as well as pion-decay positrons. They used the 
various source spectra given in figure 7-4 for q+(y). Their results for 
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Table 7—5. — Total Positron Annihilation Rates 


Solar 

minimum 

/? r — 350 MV 

Power law 

i 

L-2X10- 2 

cm _2 -s~ ! -sr~ 1 

Ra = 500 MV 

Rq = 200 MV 

7V= 100 
MeV/ 
Nucleon 

r c = 5 
MeV/ 
Nucleon 

Mean 

'Maximum 

1.1 X 10-3 

1.8 X 10- 3 

4.3 X 10~ 2 

3.3 X 10- 2 

1.3 X 10-i 

2.2 X10- 2 
„5/2 

0.5 


the various assumed low-energy cosmic-ray spectra and for A = 4 g/cm 
are given in table 7—5. As an extreme case, they computed the annihila- 
tion rates that would result from an interstellar positron flux of the 
same order as the upper limit given by Cline and Hones (1968). 

Using a total positron intensity of 2X.10” 2 particles of 1 MeV/cm 2 -s-sr, 
they also computed a maximum annihilation rate corresponding to a 
positron lifetime against ionization of 10 5 /n years and a mean rate 
corresponding to an average time between supernova explosions of 
5 X 10 6 ft 3/2 years in a spherical volume of radius 70 Jn 112 pc as discussed 
in section 7-4. These rates are also given in table 7—5. 


7 “6 GALACTIC POSITRONIUM FORMATION 


The cross section for positronium formation by fast positrons in atomic 
hydrogen has been calculated by Cheshire (1964) and will be used as an 
approximation for the interstellar' medium. The ratio of positronium 
formation to free annihilation is only significant at nonrelativistic energies 
and may be approximated by 


q~pos Oy) 

<ta( y) 


-S(y) = 


0 

10- 6 (y_l)-3 

10" 2 (y— l) -2 
6.4X 10n( r -l) 
0 


(y — 1) >10- 2 
10-4 < (y — i) < 10-2 
for 2.5 X 10- 5 < (y-1) <10-4 
10~ 5 < (y — 1) < 2.5 X 10~ 5 

(y — 1) < 10- 5 

(7-44) 


At energies of the order of the hydrogen binding energy, the probability 
for positronium formation in the ground state has been estimated to be 
between 0.25 and 0.50 and the probability for positronium formation in 
excited states is small (Deutsch, 1953). 

Equation (7-44) was used by Stecker (1969a) to determine the amount 
of positronium being formed by positrons combining with electrons as a 
function of energy. The result of this calculation is shown in figure 7-7. 
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Figure 7-7.— The percentage of positrons which, having survived to reach an energy of 
10 keV, survive to reach lower energies. The dashed line indicates the survival fraction 
found when only free annihilations are considered; the solid line indicates the survival 
fraction when positronium formation is also taken into account (Stecker, 1969a). 


This figure shows the percentage of positrons which, having survived to 
reach a 10-keV kinetic energy, survive to reach lower energies. The 
dashed line indicates the survival fraction for free annihilation only; the 
solid line indicates the survival fraction when positronium formation is 
taken into account. Figure 7~7 shows that almost all of the positrons 
annihilating near rest do so through intermediate positronium formation 
with an average energy of about 35 eV. 


7-7 THE INTENSITY OF THE POSITRON ANNIHILATION 
LINE AT 0.51 MeV 

It follows from the results of the last section and from the discussion 
in chapter 2 that galactic cosmic-ray positrons annihilate primarily from 
an S state of positronium with 75 percent of these annihilations producing 
a three-photon continuum rather than a two-photon line at 0.51 MeV. 
Therefore, on the average, one 0.51-MeV photon is produced for every 
two positrons which annihilate. Thus, the intensity of 0.51-MeV y-rays 
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observed along the line of sight as a function of galactic coordinates is 
given by 




Qr t restM(l'\b") 
8 rr 


( 7 - 45 ) 


where M(l l \ b u ) in g/cm 2 is the amount of interstellar gas in the direc- 
tion of observation. 2 Equation (7-45) was used by Ramaty et al. (1970) 
to determine possible intensities of the 0.51-MeV annihilation line in 
different directions in the galaxy based on the values of Qr, re st given 
in table 7—5. The results of this calculation and their implications will be 
given in the next chapter, where we will complete our discussion of 
galactic y-ray production. 


2 The symbols /" and b 11 denote galactic longitude and latitude respectively. 
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Chapter 8 


The Production of Gamma Rays in the Galaxy 


In this chapter we will briefly discuss four other mechanisms for 
galactic y-ray production; viz, Compton interactions, bremsstrahlung, 
synchrotron radiation, and photomeson production. The results of these 
discussions, together with the results of chapters 5, 6, and 7, will then 
be summarized and applied to estimate y-ray production spectra in 
various parts of the galaxy. 


8-1 GAMMA-RAY PRODUCTION SPECTRA FROM COMPTON 
INTERACTIONS 

The Compton effect has been treated extensively in the literature of 
high-energy astrophysics from three points of view: As an interaction 
in which cosmic-ray electrons lose energy (Feenberg and Primikoff, 1948, 
and Donahue, 1951; see also ch. 7); as an interaction in which y-rays 
lose energy to electrons of thermal energy (e.g., see ch. 4); and as an 
interaction capable of producing high-energy y-rays when thermal 
photons interact with cosmic-ray electrons. This last process, which we 
will now briefly discuss, has long been considered to be a potentially 
important source of cosmic y-rays, first by interactions with starlight 
photons (Feenberg and Primikoff, 1948; Felten and Morrison, 1963) and 
later by interactions with the universal blackbody radiation (Felten, 
1965; Gould, 1965; Hoyle, 1965; Fazio, Stecker, and Wright, 1966; and 
Felten and Morrison, 1966). The Compton process is the relativistic 
form of Thompson scattering. It is the scattering of a photon off an elec- 
tron. Such a scattering is shown in figure 8—1 in both the laboratory 
frame and the rest frame of a cosmic-ray electron (Felten, 1966). We will 
use Felten’s notation, with quantities in the electron rest system primed 
and laboratory quantities unprimed. Quantities referred to before the 
interaction will have no subscript and those referred to after the inter- 
action will have the subscript 1. The cosmic-ray electron in the Is is 
assumed to have an energy E = ymc 2 . Using the formulas derived in 
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chapter 1 and referring to figure 8-1, we find 


e ' — ye( 1 + p cos a) 

(8-1) 

€i = ye[(l — P cos a[) 

(8-2) 

e' 

(8-3) 

1 H (1 — cos 6 f ) 

me - 


and 


, sin a 

tan a = — ; 

y(cos a + fi) 

(8-4) 

Combining equations (8-1) through (8-3), we then find 


y 2 e(l+)3 cos a)(l— /3 cos a[) 

(l-h/3 cos a)(l — cos 8 ') 
me 2 7 v 7 

(8-5) 

For the applications of principal concern here, we 

will have the 

condition ye me 2 , so that the Compton cross section (Hei 

tier, 1960) 

g 

cr c —> o ~7 =- 7 rrjj = 6.65 X 10 -25 cm 2 
o 

(8-6) 

and, from equation (8-5), 


6 j — yi e (y 6 <g me 2 ) 

(8-7) 



FIGURE 8-1. — A photon-electron collision, viewed in two reference frames (Felten, 1966). 


(a) Cosmic frame 5. ( b ) Electron rest frame S'. 
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In the other extreme (Heitler, 1960) we must use the Klein-Nishina 
formula for the cross section, which has the asymptotic form 


Oc-* m 




me/ 


in 


2c 


me 


(ye me 2 ) 


and we also find from equation (8-5) that 

€i — ymc 2 — E (ye > me 2 ) 


( 8 - 8 ) 


(8-9) 


Under the condition y e^mc 2 , the differential cross section for 
the production of a y-ray of energy Ey=e i by Compton scattering 
is given by (Ginzburg and Syrovatskii, 1964) 


<r{Ey\e,E) = 


__ tti% (me 2 ) 4 


4 e 2 E' s 


LEy (me 2 ) 2 E f 
E eE* 

+ In 


4 Ey , ( mc 2 ) 2 Ey 8 eE 

~E n 4 eE 2 (me 2 


y 


( 8 - 10 ) 


( 8 - 11 ) 


(8-12) 


and the mean energy of the y-ray produced is given by 

(£V)=| y 2 <e> 

for an initial photon density distribution n, )h { e) , where 

/ \ fdeen ph (e) 

€ /<fe re Ph (e) 

The total y-ray production spectrum is, of course, given by 

I(Ey) = J dr J dE I e (E, r) J dE » ph (e, r)cr(£’ y |e, E) (8-13) 

In the case where the cosmic-ray electrons have an energy distribution 
of the power-law form 


/ e (e) =K e E~ r 

it is found that (Ginzburg and Syrovatskii, 1964) 

r 2 + 4T+ll 


(8-14) 


I 


dE I e (E)<r(E y \e,E)=2 r 


(T+l)(r + 3) 2 (r+5) 

X 8t r;|/< e (mc 2 ) 1 - r e (r - ,) ' 2 £< r+1) / 2 (8-15) 


For the important case of interactions with the blackbody radiation, 
where 

877 e 2 
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we find that 

e) = 3.6 AT — 3.1 X lO- 13 ?’ GeV ( 8 - 17 ) 

The radiation density 

py = J de /r ph (e) — 4.75 X 10~ 12 F 4 GeV/cm 3 (8-18) 

and the expression (8—13) for the resultant y-ray intensity reduces to 
9 /4 \(r-3)/2i 

7(£V) =/(H — (TrL efi py{ me 1 ) 1 <€> J KeE^)l'i (8-19) 

which, in numerical form, becomes 
7(£y) - 6.22 X 10- 2 % ff [10~ 2 -*^ 

(cm^s-sr-GeV)" 1 (8-20) 

where L eff is the effective pathlength for y-ray production and 


/( D = 4.74(1.05) r 


P + 4T+11 /T ~f 5\ /FT 5\ 

(r+i)(r+3) 2 (r+5r \ 2~ r\ 2 ) 


( 8 - 21 ) 


F(;r) is the well-known gamma function and £(x) is the Riemann function 

= ( 8 - 22 ) 
H=1 

In particular, Ginzburg and Syrovatskii give the values for /(T) 
listed in table 8-1. 

Thus, we find that for most applications of importance to high-energy 
astrophysics, where 2 <C F < 3.5, /(n - 1 . 


Table 8-1. — Approximate Values of the Function f(T) in Equation (8~ 21 ) 


r f(T) 


1 0.84 

2 .86 

3 .99 
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As a check on equation (8-19), one can make the approximation 
for ye <S me 2 that 

4 , , E' 2 




Then 


l(Ey) = n vh a r L ett J dE K e E~'8 (e v - | (e) 


(8-23) 


^ ph 0 ” T^eff^e 



H2 

EyW(e)-V*mc* 


“ r dE 


dE y 


1 /4 ur-m 

= “ n vh (TTL eff K e (mc 2 ) l - r (e)J £y (r+1)/2 

9 /A \ (I — 3)/2 

= | crrL eff pv(m.c 2 ) ^ r > <e) j /G£y< r+1 > 2 (8-24) 


which, for /(F)— 1, is in excellent agreement with equation (8-19). The 
small numerical discrepancy between equations (8~19) and (8-24) 
arises because of the Bose-Einstein distribution in photon energies for 
a thermal photon field. 


8-2 GAMMA-RAY PRODUCTION SPECTRA FROM BREMS- 
STRAHLUNG INTERACTIONS 

Bremsstrahlung, which is a German word meaning “breaking radia- 
tion,” is the radiation emitted by a charged particle accompanying deceler- 
ation. The cross sections for y-ray production from bremsstrahlung are 
derived in Heitler’s book (Heitler, 1960). In the case of bremsstrahlung 
from nonrelativistic electrons radiating in the field of a target nucleus, 
the cross section for production of a y-ray of energy Ey by an electron 
of energy £ in the field of an atomic nucleus of charge Z is given by 

a h (Ey\E) = <r b (E 9 Ey)f b (E y \E) (8-25) 

where ft,(Ey\E) is again the normalized distribution function for y-ray 
production; and where, in terms of kinetic energy T—E—mc 2 , 


/ T? F x __ °£ 2 

(T h {t , Ey) cr r 

77 



f[ (r) l/ 2 + (r _£ y )l/ 2] 21 

L. 


l Ey ] 

I 1 

\Ey) 


for 27 tZol < (3 1 (8—26) 
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The cross section for brems strahlung by relativistic electrons is given 
by 


< ME, Ey) 


4aZ 2 

77 


<Jt In 




for me 1 < E < or l Z l <‘ 3 me 2 


( 8 - 27 ) 


In the ultrarelativistie case, where the cross section is calculated by 
taking into account the screening of the charge of the atomic nucleus 
by atomic electrons, the resultant cross section is given by 


for E > or l Z~ ll3 mc 2 (8-28) 


Of course, in the case of an ionized gas, equation (8-27), derived for 
the case where screening effects are unimportant, is applicable at all 
relativistic energies. The cross sections given in equations (8-26) to 
(8-28) may be corrected for the additional contribution from inter- 
actions between cosmic-ray electrons and atomic electrons by the 
replacement Z 2 — > Z (Z -f 1 ) . 

Another case which may be of astrophysical interest for y-ray produc- 
tion is that of bremsstrahlung from nonrelativistic protons, as has been 
pointed out by Boldt and Serlemitsos (1969). In this case, it is the elec- 
tron which is at rest and the proton which is the energetic particle in 
the Is. The appropriate cross section for this interaction, which cor- 
responds to equation (8-26) for cosmic-ray electrons, is then 


o-b(E p , Ey) =— Or 

77 



\ [V(m e /M P )T P + V{m e /M p )T p -EyY) 

’ {m e jM p )T p 

{ Ey j 

Ey J 


(8-29) 


It is immediately obvious from equations (8-27) and (8— 28) that for 
relativistic particles, the bremsstrahlung cross sections have little or no 
dependence, except for a linear one, on E. Indeed, equation (8-28) may 
be written in the form 

m(E, Ey) = ^ (*) (8-30) 

where (M) is the average mass of the target atoms in grams and (X) 
is the average radiation length for the gas in grams per square centi- 
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meter. The average radiation length for interstellar matter is 

X — 65 g/cm 2 (8-31) 

based on the values given for pure hydrogen and pure helium by Dov- 
shenko and Pomanskii (1964): 

A H = 62.8 g/cm 2 (8-32) 

^He = 93.1 g/cm 2 (8-33) 


To a good approximation, especially in the case of relativistic brems- 
strahlung (Heitler, 1960), the normalized distribution of y-rays produced 
may be taken to be a square distribution given by 


f{Ey\E) 



for 0 ^ Ey ^ E 
otherwise 


(8-34) 


so that the y-ray production spectrum is given by 

(M) 


hAEy) 


(X) 


- r* 

_ » E> 


dE Ie(E) 




I e (> Ey) 
Ey 


(8-35) 


where p( r) is the matter density of the gas in grams per cubic centi- 
meter. For bremsstrahlung between cosmic-ray electrons and inter- 
stellar gas, we may use equation (8-31) to write equation (8-35) in 
the form 

h(Ey) —3.4 X 10~ 28 (nL) (8-36) 

Ey 


8-3 GAMMA-RAY PRODUCTION SPECTRA FROM SYN- 
CHROTRON RADIATION 

Synchrotron radiation, or magnetic bremsstrahlung, is the radiation 
emitted by a relativistic particle spiraling in a magnetic field. Its mathe- 
matical description has been given by Schwinger (1949). An electron 
suffers energy losses by synchrotron radiation at a rate 



= _ ~3 <JrC ^ 1 ^ ii 


(8-37) 


sync 
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where the magnetic energy density pu is 


pH — H 2 IBtt ( 8 - 38 ) 

This rate can be compared with the energy loss rate suffered by an 
electron through Compton interactions with a photon field of energy 
density py. That rate is 

® =-t<T 7 *Y 2 py (8-39) 

\ at /comp t o 

The equivalence of equations (8-37) and (8-39) is not accidental, but 
can be shown to be a direct consequence of electromagnetic theory 
(Jones, 1965b). 

The photons emitted as synchrotron radiation have a characteristic 
frequency given by 

«=MS) w- 40 * 

The synchrotron effect can be thought of as the interaction of the 
electron with “virtual” photons of the magnetic field. Denoting these 
photons by the subscript v , it is found (Jones, 1968) that they have an 
average energy 


and a number density 


The resultant y-rays have a characteristic energy found from equation 
(8_40) to be 

Ey,c=%y*(— )eH (8-43) 

2 \mc/ 

Equation (8-43) expresses the same type of energy dependence on the 
electron energy, E—ymc 1 , as did equation (8-11) for Compton y-rays. If 
we take a power-law spectrum of the form 

I e (E)=K e E~r (8-44) 

we will again get the same power-law dependence for the resultant 
synchrotron radiation as we did for the Compton radiation in the deriva- 


£l ' 5 ttV 3 (me) eH 


(8-41) 


»•> = 


W_ 


(8-42) 
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tion of equation (8—24) , viz, 

/.»nc(£y) « ^y <r+1)/2 (8-45) 

Ginzburg and Syrovatskii (1965) give the exact formula for l sync (Ey) 
in a form suitable for calculation. The y-ray spectrum, numerically 
modified from the form given by Ginzburg and Syrovatskii and expressed 
in gigaelectron volt units, is 

/sync (Ey) = 9.46 X 10~ 10 (8. 15 X 10”«) r a ( r)L eff 

X K e ^ (r+1)/2 £ (r+1)/2 (cm" 2 -s~ 1 -sr“ 1 -Gey~ 1 ) (8-46) 

with the coefficient a(T) given by table 8-2. 

A relativistic electron of energy E in gigaelectron volts, spiraling in 
a magnetic field of amplitude //, in gauss, will produce a characteristic 
spectrum of y-rays having a peak at 

E y , m =1.9xlO~ n H ± E* GeV (8-47) 

where H L is the component of the field perpendicular to the circular 
component of motion of the electron. 

It follows from equation (8-47) that in a field of H± = 5 X 10 -6 G, which 
is of the order of the fields found in interstellar space, it takes a lO^GeV 
electron to produce a 1-GeV y-ray. If we consider for comparison Comp- 
ton interactions with starlight photons of roughly the same energy density 
and having energies of about 1 eV per photon, it only requires a 14-GeV 
electron to produce a 1-GeV y-ray. Such electrons are at least 15 orders 
of magnitude more plentiful than are KF-GeV electrons, if indeed the 
latter exist at all; so it may readily be seen that for almost all cases 
of astrophysical interest at present, synchrotron radiation may be re- 
garded as a negligible source of y-rays. 1 

Table 8-2 . — The Coefficient a(T) in Equation [8-46) 

[Ginzburg and Syrovatskii, 1965] 


r 

«(D 

2.5 

0.085 

2.6 

.083 

3 

.074 

4 

.072 


1 A possible important exception may be for point sources possessing strong magnetic 
fields, such as pulsars. 
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8-4 GAMMA RADIATION FROM PHOTOMESON PRODUC- 
TION INTERACTIONS 

We will mention here, in passing, the mechanism for production of 
y-rays from the decay of neutral pions produced by interactions of 
ultra-high-energy cosmic rays; Le., via interactions such as 

y 4- p — > p + 77-0 (8-48) 

2y 

where the threshold for interactions with starlight photons is of the 
order of 10 8 GeV. Hayakawa (1963) suggested that this interaction may 
be important for y-ray production at energies above 10 6 GeV if the 
ultra-high-energy cosmic rays are universal. This is no longer thought 
to be the case, since, as we have seen in chapter 4, y-rays of such 
energies cannot propagate more than 3 X 10 22 cm, or about 3X 10" 6 of 
the visible radius of the universe, because of interactions with the uni- 
versal blackbody radiation. In addition, there is considerable doubt as 
to the universality of ultra-high-energy cosmic rays (Stecker, 1968). 

8-5 POSSIBLE IMPLICATIONS OF PRESENT OBSERVA- 
TIONS OF GALACTIC GAMMA RAYS 

In this section, an attempt will be made to relate some of the theoretical 
calculations on galactic y-ray production to the present observations 
and to thereby construct a plausible model for y-ray production in our 
galaxy which is consistent with the present data. Unfortunately, it is 
necessary at this writing to preface this section with a caveat. We are 
now just on the threshold of establishing the field of observational y- 
ray astronomy. It has become apparent that in order to detect diffuse 
fluxes of cosmic y-rays above the atmospherically produced background, 
it is necessary to make use of satellite-borne detectors. Such detectors 
are just now at the stage of development where they have attained the 
sensitivity necessary for cosmic y-ray detection. Instruments now in the 
development and planning stages will eventually provide a vast improve- 
ent in resolution and sensitivity. The data used here should be consid- 
ered to be preliminary and subject to change. Thus, the interpretation 
of these data, as presented here, may require future modification. 

We may mark the birth of observational y-ray astronomy with the 
detection of cosmic y-rays above 100-MeV energy by Clark, Kraushaar, 
and Gar mi re (1968). (See appendix.) Their results indicated that cosmic 
y-radiation is strongly anisotropic, being most intense in the galactic 
plane and particularly at the galactic center. (See figs. 8-2 and 8-3.) 







160 


COSMIC GAMMA RAYS 


The detection of this anisotropy itself is a strong indication that a large 
fraction of the y-rays detected were of galactic origin. Fichtel, Kniffen, 
and Ogelman (1969) appear also to have detected the source at the 
galactic center. Sood (1969); Valdez, Frier, and Waddington (1969); and 
Hutchinson et al. (1969) have also reported an apparent anisotropy in 
detected y-rays toward the galactic plane; although Frye et al. (1969) 
failed to detect such an anisotropy. 

The absolute intensities of the y-ray line source from the galactic 
plane and the peak in the intensity distribution at the galactic center 
remain somewhat in doubt (by probably not more than a factor of 2); 
and the intensities originally reported by Clark et al. (1968, 1969) have 
now been revised downward by approximately a factor of 2, due to a 
recalibration of the sensitivity of their detector (Clark et al., 1970). We 
shall utilize these revised intensities in our discussion in this section. 

There appears to be a y-ray flux from the galactic center above 100 
MeV having a line intensity of ~ 2 X 10 -4 cm _2 -s” , -rad~ 1 . Gamma rays 
coming from the region of the galactic disk have a line intensity of 
0.5 X 10 -4 cm“ 2 -s _1 -rad~ 1 . Clark et al. suggested that these fluxes, first 
reported to be an order of magnitude higher than those predicted from 
various diffuse production mechanisms, may originate mainly in unre- 
solved discrete sources (a suggestion which was further explored by 
Ogelman, 1969). However, they were careful to point out that large 
amounts of undetected hydrogen may also account for these fluxes. 

From 21-cm radio observations of the galaxy, it has been found that the 
average value of the product of mean density and linear extension (usually 
denoted as (nL) for emitting atomic hydrogen in the galactic disk, spread 
out over the 15° resolution cone of the detector aboard the OSO— 3 satel- 
lite is approximately 3 X 10 21 cm -2 . This value corresponds to a mean 
density in the disk itself of approximately 0.7 cm -3 (Kerr and Wester- 
hout, 1965). If the atomic hydrogen seen in emission were to be con- 
sidered the full content of hydrogen gas in the galaxy, the resultant y-ray 
production from tj° -decay, according to the results of chapter 5 (fig. 5-10), 
would produce a flux of y-rays of energy greater than 100 MeV of 
~3X10 -5 cm _2 -s“ 1 -rad” 1 , and the fluxes estimated from other produc- 
tion mechanisms in the galactic disk would be considerably lower. 

The author (Stecker, 1969b) attempted to account for the fluxes 
originally reported by Clark et al. (1968) by suggesting that these y-rays 
result from the decay of neutral pions produced in cosmic-ray interac- 
tions with the total nucleon content of interstellar gas, much of which was 
hypothesized to be in the form of molecular hydrogen. Arguments were 
given, based on recent results from other branches of astronomy dealing 
with the study of the interstellar medium, to support this hypothesis^ 
This paper was closely followed by a detailed presentation of the OSO-3 
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results by Clark et al (1969) at the 37th IAU Symposium in Rome show- 
ing that the y-ray spectrum from the galactic disk closely matched that 
of the horizon-albedo y-ray spectrum from the Earth, arising mainly 
from the decay of neutral pions produced by cosmic-ray interactions 
with the Earth’s atmosphere. This gives tentative, but not conclusive, 
support to the pion-decay hypothesis for the origin of galactic y-rays. 
Stronger support for the pion-decay hypothesis has recently been com- 
municated by Fichtel and Kniffen (private communication) who have 
found that in the galactic-center region, I(Ey > 50 MeV) < 1.5/ (E y > 100 
MeV). (See also Kniffen and Fichtel (1970).) 

To explain the y-ray intensity originally quoted by Clark et al. (1968), 
using the pion-decay hypothesis, a mean gas density in the galactic disk 
of the order of 5 nucleons/cm 3 was required, a value close to the tipper 
limit allowed by galactic dynamics (Parker, 1968). However, due to a 
recent recalibration of the sensitivity of the OSO~~3 detector, the y-ray 
fluxes originally given by Clark et al. (1968) have been revised downward 
by a factor of 2 (Clark et al., 1970). A total nucleon density of the 
order of 2 cm~ 3 will provide a y~ray flux in the galactic disk within the 
accuracy of the revised observational value under the assumption of a 
uniform cosmic-ray intensity in the galactic disk. Since 21-em observa- 
tions indicate a mean density of atomic hydrogen in the galactic disk 
of the order of 1 cm -3 , the y-ray observations indicate that 

(^H-I » cool “b 2n H2 ) emission } (8-49) 

under the assumption of a fairly uniform cosmic-ray intensity in the 
galaxy. 

A considerable quantity of molecular hydrogen in the interstellar 
medium had been considered a likely possibility until Stecher and 
Williams (1967) found an effective mechanism for its photodestruction. 
It now appears that in the presence of an average interstellar radiation 
field, the amount of molecular hydrogen expected to be present will be 
negligible. Recent rocket measurements appear to support this conclu- 
sion (Carrut hers, 1968; Smith, 1969). In dark clouds, however, the rate 
of molecular hydrogen formation is expected to exceed the photodestruc- 
tion rate; and essentially all the hydrogen is expected to exist in molecu- 
lar form. Recent observations of dark clouds (Hollenbach and Salpeter, 
1970, and Garzoli and Varsavsky, 1966) show an anticorrelation be- 
tween atomic hydrogen and dust which may indicate that the hydrogen 
in these clouds has been converted into molecular form. 

Kerr and Westerhout (1965) have argued that the hydrogen contained 
in cool, optically thick interstellar clouds can be expected to equal that 
seen in 21-cm emission, which is a more smoothly distributed component 
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of gas at a considerably higher temperature. Additional theoretical sup- 
port for the model on the basis of dynamical stability arguments has also 
been given (Parker, 1968). In addition, the galactic longitude distribu- 
tion obtained for interstellar hydrogen from 21-cm emission measure- 
ments alone appears to be far more isotropic than our concept of the 
Sun’s position in the galaxy would indicate, which again suggests that a 
significant fraction of interstellar gas must be present in optically thick 
clouds within 10 kpc of the galactic center (Kerr and Westerhout, 1965). 
This argument is further strengthened by the fact that the gas-to-dust 
ratio in the interstellar medium appears to be constant, together with the 
observation of 27 magnitudes of extinction toward the galactic center 
(Becklin and Neugebauer, 1968) which implies that there is a large 
quantity of interstellar gas in that direction. 

Gould and Salpeter (1963) and Gould, Gold, and Salpeter (1963) have 
pointed out that the observed spatial distribution of K-giant stars as a 
function of perpendicular distance from the galactic plane suggests a 
much stronger gravitational field for the galaxy than can be accounted 
for by stars and observed atomic hydrogen in the disk. A mean gas 
density of 5 cm -3 in the disk would be required to produce the observed 
K-giant distribution. 

From an analysis of the observed distribution of atomic hydrogen gas 
and 5-Cephei variables, Dorschner, Giirtler, and Schmidt (1965) have 
come to the same conclusion, suggesting that 80 percent of the inter- 
stellar gas is in the form of molecular hydrogen. They show that the 
unseen mass necessary to produce the galactic gravitational field would 
have to be very strongly concentrated toward the galactic plane and 
therefore would not likely be composed of stars. 

From studies of the spin temperature of interstellar hydrogen from 21- 
cm line spectra, Mebold (1969) has recently concluded that the total 
mass of interstellar hydrogen has been considerably underestimated 
from emission -line studies and that there exists a large quantity of gas 
which is in a condition favorable for star formation; viz, in the form of 
cool, dense clouds. 

Werner and Harwit (1968) have observed a faint infrared emission 
feature which they have interpreted to be evidence for the existence of 
substantial amounts of molecular hydrogen in a dark cloud in Orion. The 
number of molecules along the line of sight is given as > 10 21 cm” 2 . Such 
clouds, although inherently difficult to observe, may be quite common in 
the galactic disk. 

Since molecules such as NH 3 , OH, H 2 O, and CH 2 O exist in detectable 
quantities, it would indeed be surprising if the H 2 molecule, made en- 
tirely of the most abundant element in the universe, did not exist in 
appreciable quantities. Indeed, Heiles (1968) has suggested that the 
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primary mechanism for the formation of OH molecules in dark clouds is 
based on the reaction 


H-2+ O— » OH + H (8-50) 

(C a roll and S alp e ter, 1966) in which the H* molecule plays a fundamental 
role. 

Studies of external galaxies have indicated that regions containing 
young stars (regions of active star formation) do not coincide in many 
cases with the regions of maximum atomic hydrogen density as seen in 
21 -cm emission. This would not be at all surprising if star formation 
occurred mainly in cool, dense, unobserved clouds, as suggested by 
Mebold (1969). 

Most recently, Carruthers (1970) has made a direct observation of the 
H *2 Lyman resonance absorption bands in the far-ultraviolet spectrum 
of the star £ Persei. His results indicate that, at least in this direction, 
nearly half of the total interstellar hydrogen exists in molecular form. 
Theoretical calculations by Hollenbach and Salpeter (Astrophysical 
journal , in press) indicate approximately 100 percent efficiency for 
formation of molecular hydrogen on dust grains in neutral hydrogen 
(H-I) regions in the galaxy. 

Thus, the pion-decay hypothesis for the origin of the disk component 
of galactic y-radiation (under the assumption of a total mean nucleon 
density of interstellar gas of ~ 2 cm -3 ) provides a natural and adequate 
explanation for both the intensity and spectral characteristics of this 
radiation as observed by Clark et al. (Stecher and Stecker, 1970). The 
intensity distribution of this component as a function of galactic longitude 
shows only one statistically significant peak; viz, the peak at the galactic 
center. Observations made by detectors with better sensitivity and resolu- 
tion should enable y-ray astronomers to map the disk component for 
y-ray “hot spots,” which should reflect the true distribution of the total 
content of interstellar gas, independent of temperature and optical 
opacity conditions in various regions of the galaxy. However, we are at 
present limited to a general discussion of the intensity of the disk com- 
ponent with the possibility of an additional source component at the 
galactic center. The peak in the y-ray intensity at the galactic center, 
which has a line strength of ~ 2 X 10~ 4 cm~ 2 -s _1 -rad~ 1 above 100 MeV, 
as determined both by the revised OSQ-3 measurements and by Fichtel 
et al. (1969) requires further discussion. Approximately half of these 
y-rays can be explained as due to the decay of neutral pions produced 
in cosmic-ray interactions with the galactic gas (the disk component we 
have been discussing) on the assumption that the cosmie=ray intensity 
is uniform throughout the galaxy. An increase in cosmic-ray intensity 
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toward the galactic center hy an additional factor of ~ 2 could thus 
account for the increased flux in the galactic center region. Alternatively 
we could introduce a “two- component” model for galactic y-rays in 
which y-rays from a production mechanism other than pion decay con- 
tribute an additional flux to that produced by the general disk component. 
We would thus classify the galactic center as a y-ray source. There may 
be such a source of y-rays produced by Compton interactions of cosmic- 
ray electrons with the intense infrared radiation field located at the 
galactic center and detected at 100/x by Hoffman and Frederick (1969). 
Hoffman and Frederick have found this source to extend < 2°3' in 
galactic latitude and > 6°5 / in galactic longitude and to have a brightness 
temperature of 16 K. The source has been suggested by Lequeux (1970) 
to be produced by reradiation of intense starlight in the central region 
of the galaxy by interstellar grains produced in the atmospheres of red 
giant stars (Donn et al., 1968), with such grains being an order of magni- 
tude more numerous in the galactic center region than in the disk. Using 
the infrared intensities given by Hoffman and Frederick, we find that 
cosmic-ray electrons with the same spectrum as that observed at the 
Earth can produce a y-ray flux of 2 X 10 -5 to 7 X 10 -5 cm“ 2 -s" 1 -rad _1 
above 100 MeV by Compton interactions, which is the same order of 
magnitude as the estimated flux from the disk component in the galactic 
center region. A hypothetical y-ray spectrum from the galactic center 
is shown in figure 8—4. It is impossible at this time to determine theo- 
retically whether pion decay or Compton interactions would be expected 
to play the major role in the production of y-rays at the galactic center 
under the assumptions of the two-component model presented here. 2 The 
situation is further complicated by the possibility of increased fluxes of 
both cosmic-ray electrons and nucleons at the galactic center, although 
there is no need to postulate the existence of such fluxes in order to 
account for the observed y-radiation. It is also unnecessary to postulate 
the existence of an 8 K gray body infrared radiation field of galactic extent, 
a hypothesis which was invoked by Slien (1969) and Cowsik and Pal 
(1969) based on a measurement of Shivanandan, Houck, and Harwit 
(1968). In order to account for the originally quoted OSO-3 measure- 
ments, however, the proposed existence of this 13 eV/cm 3 radiation 
field poses serious theoretical problems pertaining to its origin and role 
in the galactic energy balance and its effect on cosmic-ray electrons 
(Anand, Daniel, and Stephens, 1969) and ultra-high-energy cosmic rays 


2 However, the recent measurements by Fichtel and Kniffen would appear to limit the 
Compton interaction flux to about 50 percent of the total flux from the galactic center above 

100 MeV as in the model shown in figure 8-4. 
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Figure 8-4. —A possible y-ray spectrum from the galactic center based on the two-com- 
ponent source model (pion decay and Compton interactions), as discussed in the text. 


(Encrenaz and Partridge, 1969). 3 The 8 K hypothesis is also in conflict 
with measurements of the spin temperatures of various molecules in the 
interstellar medium (Bartolot, Clauser, and Thaddeus, 1969; Thaddeus 
and Clauser, 1966; and Evans, Cheung, and Sloanaker, 1970) and most 
recently has been directly contradicted by a new infrared measurement 
by McNutt and Feldman (1970). 4 

Based on the discussion we have just presented, Stecher and Stecker 
(1970) reached some tentative conclusions regarding the origin of galactic 
y-rays. 

(1) Gamma rays originating in the galactic disk most likely result from 
the decay of neutral pions produced in interstellar cosmic-ray 

3 It has also recently been found to conflict with measured upper limits of hard X-ray 
emission from the galactic plane (Blecker and Deerenberg, 1970). 

4 Shivanandan (1970) has reported that due to a recent recalibration of their detector, 
the flux originally reported by Shivanandan et al. (1968) should be reduced by a factor of 
~4 and that the revised flux should be considered an upper limit. 
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interactions. The excess originating in the galactic center region 
can be produced by a combination of the pion-decay process and 
Compton interactions between cosmic-ray electrons and infrared 
radiation. 

(2) The explanations offered above obviate the necessity for invoking 
strong y-ray point sources, large gradients in the galactic cosmic-ray 
flux, or 8 K gray body radiation fields of galactic extent in order 
to explain the revised y-ray observations. 


8-6 POSITRON-ANNIHILATION GAMMA RAYS AT 0.51 
MeV FROM THE GALACTIC PLANE AND THE GALACTIC 
CENTER 


We have seen in chapter 7 that positrons annihilate primarily from an 
S-state of positronium, with 75 percent of these annihilations producing 
a three-photon continuum rather than a two-photon line at 0.51 MeV. 
Therefore, on the average, one 0.51-MeV photon is produced for every 
two positrons which annihilate. Thus, the intensity of 0.51-MeV y-rays 
observed along the line of sight as a function of galactic coordinates is 
given by 


/0.5l(/ n ,6 ]I ) 


Qr,restM(l l \b») 

87 T 


(8^51) 


where M(/ n , 6 n ) in grams per square centimeter is the amount of inter- 
stellar gas in the direction of observation. The resultant y-ray intensities 
for various directions of observation are given in table 8-3. The values of 
Af(Z n , b 11 ) obtained from 21-cm observations are taken from Ginzburg 
and Syrovatskii (1964). The values of M(/ n , b u ) designated by “missing- 
mass hypothesis” are based on the discussion of the last section, as 
needed to explain the recent observations of 100-MeV y-rays from the 
galaxy as being due to bremsstrahlung and 7 r° production. 

The results of Metzger et al. (1964) indicate that the background 
continuum X-rays have a flux of about 6 X 10~ 5 cm" 2 -s“ 1 -sr" 1 -keV“ 1 at 
0.51 MeV. Thus, an instrument with a resolution of 5 keV (the predicted 
width of the 0.51-MeV line) would be able to measure a line imposed on 
that continuum with a flux of about 3 X 10“ 4 cm“ 2 -s~ 1 -sr _1 . 

Thus, /o.si (Z u , b n ) must be greater than 3 X 10~ 4 cm~ 2 -sr~ 1 -s~ 1 in 
order to be observable above the X-ray background continuum by a 
detector with an energy resolution of 5 keV, which is the theoretical width 
of the 0.51-MeV line. This intensity is therefore a reasonable lower limit 
on the 0.51-MeV line intensity, which must be present in order for the 
annihilation line to be detected. By comparing this lower limit with the 
calculated intensities given in table 8-3, we see that the annihilation 
radiation could only be detected in the direction of the galactic center, 
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and, with the “missing-mass hypothesis,” possibly also as a disk average. 
The calculated y-ray fluxes, however, were obtained by assuming that 
the primary cosmic-ray intensities are spread uniformly along the line 
of sight over which the annihilation is formed. Such an assumption 
requires a mean cosmic-ray energy density of ~ 50 eV/cm 3 in order to 
produce a detectable annihilation line for the demodulated cosmic-ray 
spectrum with R r = 350 MV and Rq— 200 MV and for the power-law 
distribution. This energy density is at least an order of magnitude higher 
than that allowed by the general dynamics of the interstellar medium 
(Parker, 1966). The energy requirements for the power-law spectrum with 
T c — 100 MeV/nucleon are smaller and therefore not necessarily incon- 
sistent with the energy arguments mentioned above. A primary cosmic- 
ray spectrum of this form, however, conflicts with the 2 H and 3 He 
calculations (Ramaty and Lingenfelter, 1969) and possibly with the 
positron measurements in the 10 to 10 3 MeV region. (See fig. 7-5.) 
Therefore, it is probably not a good representation of the overall galactic 
cosmic-ray distribution. 

We conclude that the 0.51-MeV annihilation y-ray intensity produced 
by positrons from both pion and CNO beta emitters for a homogeneous 
disk model most probably will be smaller than the observed X-ray 
background and hence be unobservable. 

As can be seen from table 8-3, however, if the 1-MeV positron measure- 
ment of Cline and Hones (1969) is regarded as a real flux rather than as 
an upper limit and is spread uniformly along the line of sight, the annihila- 
tion line would be observable both toward the galactic center and as a 
disk average. However, if these 1-MeV positrons are produced in super- 
nova explosions and exhibit spatial and temporal inhomogeneities 
corresponding to their short ranges, the resultant y-ray flux would again 
be below the X-ray background and would be unobservable. 

Since the galactic center is known to be an intense source of high- 
energy y-rays, and since the energy arguments that we have used do not 
necessarily hold for that region, the galactic center may be a detectable 
source of 0.51-MeV y-rays. It may thus be more profitable to look for this 
radiation with a high-spatial-resolution detector than to look for a diffuse 
galactic flux. This argument is valid even if a diffuse flux is detectable, 
since, as can be seen from table 8-3, such a flux would still bt more 
intense toward the galactic center. 
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Extragalactic Gamma Rays and 
Cosmology 




Chapter 9 


Introduction to Relativistic Cosmology 


9-1 INTRODUCTION 

In the general theory of relativity, Einstein set out to identify the 
gravitational field with the geometry of space time itself. Using differential 
geometry, he derived an equation which identified the curvature of space 
time with the matter-energy density contained in it. Expressed in tensor 
form, the Einstein field equations are written 

C»v-HGg fXV -2Ag^) = $7ryT^ (9-1) 

where G ^ is the Einstein-Rieci tensor, G is its trace, g^ v is the metric 
tensor which is defined by the equation 

d s z— g^ v dx^ dx v (9-2) 

fx and v are tensor indices which take on four values (one timelike, three 
spacelike), A is the cosmological constant, y is the gravitational con- 
stant, and T txu is the energy-momentum tensor given by 

T fll/ = + p ^ g^v (9—3 


for a macroscopic body. In equation (9—1), p is the pressure, p the mass 
density, and and are components of the comoving velocity vector 
within the mass. 

For an isotropic and homogeneous universe, the metric tensor has the 
Robertson- Walker form in dimensionless spherical coordinates; Le., 
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where p is a dimensionless radial coordinate. Thus 


ds 2 — c 2 dt 2 — ■ R 2 {t) [(1 — Ap 2 ) 1 dr) 2 + p 2 ( dd 2 4- sin 2 6 d(f > 2 ) ] 

(9 5) 

where R(t) is a time-dependent scale factor to be determined by solving 
the field equations (eq. (9-1)), and k is the curvature constant which has 
the values —1,0, and -f 1. 

Using the Robertson-Walker metric, equation (9-1) simplifies into the 


relations 

r 2 , 

2R 87 ryp 


he 2 . 

(9-6) 
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R c 2 

— 

ic + Ac 
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R 2 

8iryp 

Ac 2 
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(9-7) 


R 2 
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R 2 

+ x 


In the present state of the universe, p § > p/c 2 , and equations (9—6) 
and (9-7) are usually solved for the zero-pressure approximation. 

The Robertson-Walker line element given in equation (9-5) can also be 
written in the form 

ds 2 - c 2 dt 2 — R 2 {t) du 2 (9-8) 

where 

dr) 2 

du 2 = 4- p 2 (d0 2 4- sin 2 0 d<j> 2 ) (9-9) 


The dimensionless length measured along the radial direction is then 
given by 

sin" 1 r) for Ar = -+- 1 


— f 77 dp __ 
U Jo (1 — A-rj 2 ) 1/2 


V 

sinh 


for k = 0 
for k = — 1 


(9-10) 


Photons travel along geodesics which obey the same relation as in 
special xelativity; viz, 

ds 2 ~ 0 (9-11) 

which, from equation (9-8), is equivalent to the condition 


U" c 



dt 

Jrn 


(9-12) 


with t e being the time when the photon was emitted and t r being the time 

when the photon was received. 

The emitting and receiving points are embedded in the metric so that 
the distance between them is changing by the scale factor R(t); the 
dimensionless metric distance a is a constant. If we therefore consider 
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two successive wave crests of a light ray as being emitted at times t e and 
t e + At ey respectively, and received at times t r and t r + At r * then 

f l r dt ft r +At r 

l, m~J , ..... R^~ u - conMm <9 ' 13) 

Thus 


or 


rt r +Af r fa j 

f'r dt 

[ f i- +A 'r dt 1 

rf e +A 'e dt 

Jt e +At € R(t) J 

t e R(t ) j 

h r R(t) J 

<, R(t) 


At r At e 

R(t r ) R(t e ) 


( 9 - 14 ) 


A t r A te 

R(t r )~ R(t e ) 


Since the wavelength of the emitted wave is cAt e and that of the wave 
when received is cAt r , from equation (9-14) it follows that the wavelength 
is shifted by the amount 


or 


X r ~X e ^ Ak^ Rjtr) ~R{te) 
\ e X “ R(t e ) 


R(tr) 

R(te) 


1 + Z * 


( 9 - 15 ) 


We have observed this shift in the spectral lines of distant galaxies as 
always being toward longer wavelengths, so that R(t r ) > R(t e ). From 
this evidence, it has been deduced that our universe is expanding with, 
time. 


9-2 GAMMA-RAY FLUXES 

Let us now consider the effect of cosmological factors in calculating 
y-ray fluxes emitted at large redshifts, z. The number of photons received 
per second is reduced by a factor R (t e )IR(t r ) from the number produced 
per second at time t e . We consider here y-rays produced in particle 
collisions between two components having densities n a (t e ) and /?,/, (te) , 
respectively. We specify the differential photon intensity produced per 
collision as 

G(Ey) (cm 2 -s-sr-GeV-cm~ 6 ) ” 1 
Then the differential photon flux received at t r is given by 

_ 4<Trn a (te)ni>(t e )G(Ey, e ) dEy, e dV e dt e 
4 rrRHtr )v 2 


( 9 - 16 ) 
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where the numerator represents the photon flux emitted at t e , and the 
denominator indicates the fact that at t r this flux is evenly distributed 
over a spherical wavefront of radius R(t r ). 

We now define the dimensional length 

dl-R(t) du (9-17) 


so that the volume element 


Since 


and 
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(9-18) 


(9-19) 


because the energy of a y-ray is inversely proportional to its wave- 
length, we may substitute equations (9-18) and (9-19) into equation (9-17) 
and obtain 


dFr = n a (te)n b 




4t tR 2 ( t e ) t? 2 dn dl dE y, r dt r 
AttR 2 {t r )vf 


(9-20) 


Dropping the subscript r from equation (9-20), since y-ray s are 
measured only when they are received, we may reduce equation (9-20) to 


dF 


dCi dt dE : 


= dl~- 
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(f) 


dz 


(9-21) 


by using the relation (9-15). 

9-3 DERIVATION OF dl/dz 

Equation (9-21) is quite useful in evaluating the metagalactic y-ray 
spectra from various high-energy interactions. The results are obtained 
from numerical integration of the relation 

««-r* © <9 ^ 2) 

Therefore, in order to utilize equation (9-22), we must determine the 
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factor dljdz by solving the field equations (9—6) and (9—7) for particular 
cases. As we shall discuss later, the two most important cases to consider 
are the Einstein-de Sitter model and the low-density model. We shall 
now evaluate dl/dz for these models and for the more general case. 

9-3a The Einstein-de Sitter Model 

This model corresponds to a Euclidean three-space with A — A — p — 0. 
Equation (9—7) then reduces to 

(9-23) 

R 2 z v 


In this case, our space is a 
mass-energy M, so that 


Euclidean three-sphere containing a constant 



(9-24) 


From equations (9-23) and (9-24) we find 

fl(f)~t 2/3 (9-25) 


In these equations, it is common to define the Hubble parameter 



(9-26) 


so that from equations (9-25) and (9-26), we obtain 

H = (9-27) 

It is also common to label quantities associated with the present epoch 
(z — 0) by a subscript 0. The quantity H 0 is then referred to as the 
Hubble constant. From equations (9-15), (9-25), and (9-27), we then 
find 


and (9-28) 

t(2) = (TT^ 

From equations (9-8), (9—11), and (9-17), we obtain 


dl = _ dt 

clz ° dz 


(9-29) 
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and from equations (9-27), (9-28), and (9-29), we obtain 

dl_ cH o 1 
dz (1 + z) 3/2 


(9-30) 


9-3b The Low-Density Model 


This model holds when A = 0 and <g y Thus, equation (9-7) 

reduces to 


R 2 R 2 


(9-31) 


For a physical solution, we must specify k — — 1 (negative curvature) 
and, therefore, 7? = constant and R — Kt , where A = constant. Therefore 


*00 = 


1 + z 


//(z) = //o(l+z) 


(9-32) 


Ho— 1 


and 


dt __ tp 

di (1 + z) 2 


From equations (9~29) and (9-32), we then find 


dl cH q 1 

dz (1 + z) 2 


(9-33) 


9- 3c Other Models With A = p = 0 

For models of a more general form with A = p = 0, but where k 0 
and 0, it is useful to define a new parameter 

a —m% <” 4) 

which provides a measure of the gravitational deceleration of the uni- 
versal expansion caused by the presence of matter of density p. By 
subtracting equation (9-7) from equation (9-6), we find that this de- 
celeration is directly proportional to p and is given by 


fi = 


8Try 


po 


(9-35) 
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From equations (9 — 15), (9-29), and (9-34), we then find 


d[ c 

dz (1 ~fi z)H(z) 


(9-36) 


From equations (9-7) (in the case where A=0), (9-26), and (9-35), 
it follows that H (z) is given by 

„ __ T Ac 2 ] i/2 
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Substituting equation (9-37) into equation (9-36), we then find that 
dl c f .. Ac 2 l-t/2 


dz //„( I fiz)* [ (1 + z) ° R$H$ m 


(9-39) 


But, from equation (9-37) for / = /o, we obtain the identity 

kc 2 


RWl 


i -a 


(9-40) 


so that by substituting equation (9-40) into equation (9-39), we find an 
expression for dljdz in the useful form 


dl 


dz // o ( 1 ~bz) 2 (l + ilz) 


1/2 


(9-41) 


Equation (9-41) reduces to equation (9-30) in the case where f 1 = 1 
and to equation (9—33) when ft —> 0, 

If we specify the value of — 10 28 cm for c/Hq (which is determined 
from astronomical observations for z^3xl0“ 3 to only ±50 percent), 
and if we express po in terms of an atomic density of no atoms/ cm 3 , 
we may use equation (9-35) to define a critical density n c such that 
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— 10~ 3 cm -3 


and 
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It then follows from equations (9- 40) and (9-43) that if the mean 
density of the universe is greater than n c , the universe will have a posi- 
tive curvature; if jiq < n c , the universe will have a negative curvature, 
and in the case where riQ—n c ^ we have a Euclidean universe of zero 
curvature (the Einstein-de Sitter model we considered earlier). 

We will not consider here models of a still more general nature where 
A t * 6 0, since there is at present no empirical need to do so. However, it 
is interesting to note in passing that models with A # 0 can lead to states 
of metastable equilibrium in which the universe can maintain a static 
phase at a fixed value of R for an indefinite period of time. This static 
model of the universe is known as the Lemaitre model. 



Chapter 10 


The Cosmic Gamma-Ray Spectrum From Secondary 

Particle Production Outside the Galaxy 


In chapters 5 and 6 we made use of recent accelerator and cosmic-ray 
data to determine the details of the cosmic y-ray spectrum from the 
secondary particles produced by cosmic-ray collisions in the galaxy. 
Here, we will make use of the cosmological formulas derived in chapter 
9 in order to determine the cosmic y-ray spectrum from secondary 
particles produced by cosmic-ray collisions in extragalactic space. This 
spectrum will differ from the galactic (or local) y-ray spectrum because 
most of the generating collisions take place at large distances where we 
are looking back to a time when the universe was more compact and 
collisions were more frequent. These “early” y-rays will be of lower 
energy due to the progressive redshift of the general cosmic expansion. 
Using the formulas derived in chapter 9, we take account of time- 
dilatation, volume-diminution, redshift, and curvature effects which 
become important at large redshifts. 

In chapter 9, we obtained the important relation between redshift and 
radius of the universe, given by equation (9-15) 


R(tr) 

R(te) 


Z 


where t e is the time when the y-ray was emitted and t r is the time when 
the y-ray is received (detected). 

It follows from equation (9-15) that in a universe where most of the 
energy density is in the form of matter, 

^7T=(l + zp (10-1) 
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where n(f), Ty(t) , and ny(t) are the average particle density of matter, 
and the temperature and photon density of cosmic blackbody radiation 
in the universe. Let G g (Ey) be the y-ray spectrum generated by the 
galactic cosmic-ray spectrum, I g (E p ), in traveling a unit particle length 
(1 em“ 2 ) through the intergalactic medium. (This spectrum is the same 
as the quantity I(Ey)/(nL) calculated in chs. 5 and 6.) 

We now assume that some ubiquitous generating mechanism causes 
cosmic rays to be produced throughout the universe with the same power 
law as observed at the Earth, so that the metagalactic cosmic-ray 
spectrum differs only in absolute intensity from the galactic cosmic-ray 
spectrum. It follows that the form of the cosmic y-ray spectrum any- 
where in the metagalaxy, when observed in the comoving frame at that 
point, will be the same as the form of G g (Ey). We may then write down 
an expression for the integrated metagalactic y-ray flux in any direction as 


. , _ v f%ax 

I n (Ey) = I 

JO 


dz n(z) 


IAz) G,Ul+z)Ey\ a dl 
Ig (1 + z) 2 dz 


(10-4) 


with the derivation of equation (10-4) being similar to the derivation 
of equation (9-22) in the previous chapter. Here we have used the 
symbol I g to represent the total intensity of galactic cosmic rays of 
energies above the pion-production threshold in order to normalize the 
generating spectrum G g and to relate Iir(Ey) to the extragalactic cosmic- 
ray intensity I c (z). We have also included in equation (10-4) an added 
exponential factor to account for absorption of y-rays, which may become 
important at high redshifts under certain conditions which we will 
discuss later. The following evaluation of equation (10-4) is based on a 
calculation by the author (Stecker, 1969c). 

We will assume, for the purposes of calculating In{Ey ), that at some 
early epoch, corresponding to z^z max , conditions were unsuitable for 
the acceleration of cosmic rays. We will consider z max to correspond to 
the epoch of galaxy formation and consider two possible models for the 
origin of a metagalactic cosmic-ray flux. For model I, we will assume 
that the extragalactic cosmic-ray flux arises through leakage from the 
halos of radio galaxies from z=^z max to 2 = 0 . For model II, we will 
assume that this flux was created primarily in a burst at the time of 
galaxy formation. For z max , we will also consider two extremes. One 
extreme is £ m ax = 10 2 > which corresponds to the earliest epoch when 
galaxy formation could probably occur. At z=10 3 , the blackbody tem- 
perature of the universe was of the order of 10 3 to 10 4 K, cool enough for 
ionized hydrogen to combine to form a neutral gas. According to Peebles 
(1965), z=10 3 also corresponds to the epoch when gas clouds may 
have begun to form gravitationally bound systems. 
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The other extreme for z max which we may consider corresponds to 
the highest redshift yet observed for a quasar; viz, 2 . 2 } This is, of course, 
an extreme which is limited by technique rather than by any physical 
criteria, and it is included mainly for purposes of discussion. We will 
also consider various intermediate values for z max of 4, 9, and 40. 
(Doroshkevich, Zeldovich, and Novikov (1967) suggest that galaxy 
formation took place at z= 10 to 20, whereas Weymann (1967) suggests 
z— 10 2 .) 

It is important to note here that the upper limit z max may be effectively 
restricted, not by the epoch of galaxy formation, but by attenuation of 
the metagalactic cosmic-ray flux due to the collisions themselves. The 
cross section for inelastic cosmic-ray p-p collisions is of the order of 
30 mb. Therefore, the lifetime of the metagalactic cosmic rays against 
collisional losses is given by 


T c 


1 

ncrc 


1 

??ocrc(l 4z) 3 


— 10 15 Wq 1 (1 4-z)~ 3 s 


(10-5) 


The lifetime of the universe at a redshift z is 

7 1 ,, — 3 X 10 17 (l + z) -3/2 8 (10-6) 

for an Einstein-de Sitter model, where no = 10 -5 cm 3 . 

Cosmic rays cannot accumulate in the metagalaxy if the ratio T C IT U < 1. 
Therefore, the condition T c /T u — 1 defines a critical value for an Einstein- 
de Sitter model of z max ~ 10 2 beyond which a further buildup of meta- 
galactic cosmic rays cannot occur. With these limitations on z in mind, 
we will now consider the various ideal models for describing the meta- 
galactic cosmic-ray flux. 

For model I, we assume a constant leakage rate so that the total 
number of cosmic rays in the metagalaxy is proportional to the time 
elapsed since galaxy formation. It follows from equation (10-6) that for 
an Einstein-de Sitter model this time is given by 


^ 10 1 0 [ ( 1 + *) -3/2 - ( 1 + z max ) -s/2 ] years (10-7) 


The cosmic-ray density will then increase with redshift according to 
the relation 


^~(l+ Z )3[(l+ Z )-3/2-(l+ Zmax )-3/2] (10-8) 

I Q 


1 This number has since grown. 
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However, the cosmic rays which produce the neutral pions necessary 
for y-ray production are only those above a threshold kinetic energy 
E th of about 300 MeV. We must therefore determine 

I(z) = r(E>E ih \z) (10-9) 

For a power-law cosmic-ray spectrum of the form 

1(>E) ~ E^' h (10-10) 


as is approximately valid in the energy region where most pions are 
produced (see ch. 5), it follows from the redshift relation that 


> 


) 


I{E>Ek\z)=v(e^ (1 + z) 

-'■<*> [itS;]' 


( 10 - 11 ) 


so that we must use an effective flux of 


zoo 

h 



1+2 I 1 - 8 

1 -^m^x - 


[ ( l +z )-3/2_(l +Zmax )-3/2] 


( 10 - 12 ) 


For model II, we assume that the metagalactic cosmic rays were 
created in a burst at the time of galaxy formation. We thus find for 
this model that 





(10-13) 


Using the models defined by equations (10-12) and (10-13), together 


Table 10-1. — Value oflo/l^for n 0 — 10~ 5 cm -3 
[Stecker, 1969c] 


Model 

2-max 

2.2 

4 

9 

40 

100 







C onst ant-leakage 

model 

Burst model 

1 .8 X Kh 1 
2.6X10- 2 

1.3 X 10 -1 
9.0 X 10 _a 

7.0 X 10-2 
2.2 X 10- 3 

3.2 X 10-a 
3.0 x 10- 4 

2.8 x 10~ 2 
1.1 X 10-* 
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Figure 10— 1. — Differential spectrum for leakage model (model I) (Stecker, 1969c). 


with the value for dl/dz given by equation (9-30)^ Stecker (1969c) used 
equation (10-4) to calculate jthe extragalactic y-ray spectra produced 
by cosmic-ray models I and II. These results were normalized by re- 
quiring the integral y-ray spectrum above 100 MeV to be equal to 
1.1 Xl(H cm _2 -s" 1 -sr _1 , according to the results of Clark et al. (1968) 
measured by the detector aboard the OSO-3 satellite. 2 As has been 
noted previously, such a normalization makes possible the determination 
of upper limits on the value hllg\ i.e., the present metagalactic intensity 
of cosmic-ray nucleons. These upper limits are given in table 10—1. 

The y-ray fluxes thus calculated are given in figures 10-1 to 10-4. 
Figure 10-5 shows the y-ray flux expected from the galactic halo in the 

2 This value has now been determined by Clark et al. (1970) to be approximately a factor 
of 2 to 4 too high. 
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direction of the pole, based on the results of chapters 5 and 6 and 
taking (nL) = 3 X 10 20 cm"* 2/3 . It can be seen that the local y*ray flux 
from the galactic halo will not explain the data of Clark et al. and should 
be unimportant compared to the extragalaetic flux. The extragalactic 
y-ray spectra tend to peak near 7 X 10 -2 /(l +z max ) GeV, being weighted 
toward higher red shifts by the effect of greater densities at earlier 
epochs. Because of the density effect, a cosmic-ray burst at large red- 
shifts is much more effective in producing y-rays than a continuous 
production of the same number of cosmic rays. 


* Thus / pole (£y) —3 XlO*° G\,(£y). 



Chapter 1 1 


Cosmic Gamma Says From Extragalactic Proton- 

Antiproton Annihilations 


11-1 INTRODUCTION 

The existence or nonexistence of antimatter in the universe is a 
question of importance in the fields of cosmology and particle physics 
(Alfven, 1965). Recently, Harrison (1967) has proposed the existence of 
large amounts of antimatter in the universe in order to account for the 
condensation of matter into galaxies. The only practical way of deter- 
mining the existence of such antimatter is by the detection of the y- 
radiation produced when antimatter and matter annihilate into mesons 
having y-ray-producing decay modes. The y-ray spectra from such 
annihilations are presented here. They are based on the results of recent 
accelerator experiments on antiproton annihilation as discussed in 
chapter 3 and also include cosmological distortions of local annihilation 
y-ray spectra. 


11-2 THE LOCAL ANNIHILATION GAMMA-RAY SPECTRUM 

The annihilation y-ray spectrum (AGS) for p-p interactions involving 
kinetic energies less than 286 MeV (the threshold for nonannihilation 
pion production) is given byrhe expression 

h(Ey) f dv vf(v) 2 f dE s cr s (£» £ ty d Ry d M(Ey\E») (11-1) 

J s " d 

as shown in chapter 3, where v is the relative velocity of the proton and 
antiproton, f(v) is the normalized distribution function over this velocity, 
5 is an index representing the particular type of particle produced in the 
annihilation, <r s (E s \v) is the cross section times multiplicity of particles 
of type s and energy -E s produced in a collision oLvelacity-U^andMie index 
d specifies a specific decay mode with a branching ratio Rya which 
produces ( j y-rays with a normalized energy distribution f(Ey\E s ). 
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The quantity B is defined as the product of interacting proton and anti- 
proton densities integrated over a line-of-sight pathlength l; i.e., 



dl 


n P (l)n p (l) 


( 11 - 2 ) 


Based on the calculations of Morgan and Hughes (1969), we showed in 
chapter 3 that (^(t;) can be represented as having a power-law velocity 
dependence using three different exponents given by equation (3-31) 
for three different temperature ranges given in equation (3-30). Using 
equations (3-47) and (3~48), we may thus write 


^(Ey)=£a m cCy r(1.68) (y§)° A 8 ]fA(Ey) 

for 10 K 7 1 =£ 10 4 K (11-3) 
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and 

R (2 mc :i V !2 

I A (E y ) ~ aucLy MEy) for 10* K < T < 10” K (11-4) 

The local annihilation spectrum /..{(Ey) , as calculated in chapter 3, is 

shown in figure 11—1. 


11-3 REDSHIFTED SPECTRA 

For cosmological y-ray production 

B~*f dz n„(z)n f) (z) ^ (11-5) 


where, from equation (9-41), 
dl 



dz // 0 (i+z) 2 (i+n z )>/ 2 


Taking (from 

equation 9-38) 



rip(z) = n l>t o(l + z) 3 


and 

n p (z) =n T) , 0 (l + z ) 3 

(11-6) 

and defining 

Bo = ^ ^ ftp, onp, o 

(11-7) 


we find by using equation (9-21) that 


( Iz£i) 

ZW 8 '7 2A V 2 > / 8, 

\ 2 2 


I dz[T(z)] ( 2 !) d + n^i /2 Ga[(l+z)£Y]e-^^. 2 ) (11-8) 


X 


where z=H; III; o- n = 2; 8 m — 0.64; fr n — 1.1 X 10 -27 cm 2 ; <r m — 2.6 X 10 =18 
cm 2 ; G A (Ey) ^ ^yf A (Ey) where f A (Ey) is shown in figure 11—1; and 
T m is the matter temperature of the universe, which is a function of z. 
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At the earliest stages in the evolution of the universe, when the 
matter in the universe was in thermal equilibrium with the universal 
blaekbody radiation due to Compton interactions between thermal 
photons and electrons, T m was equal to T, (the temperature of the 
radiation field). Zeldovich, Kurt, and Syunyaev (1969) have shown that 
even though the intergalactic gas has cooled to the 50-percent neutral 
point by the time corresponding to a redshift of 1200 to 1300 , the small 
fraction of ionized material left at lower redshifts is enough to sustain 
temperature equilibrium between matter and the radiation field until 
a redshift of 150 to 200 . 

The photon density of a radiation field at temperature 7 o is given from 
the Planck formula as 


877 

e 2 de 


h 3 c 3 

exp 

e 

[kTr.ol 

- 1 


At a redshift 2 + 0, this distribution is given by 
__ 877 (1 -\~z) 3 e 2 ck 


n r (z , e)de~- 


/i 3 C 3 

'(1+2)6" 


exp 

L kTr, 0 J 

— 1 


= (l+z) 3 Jlr,o[€, T r (z)]de 

where 

T r (z) ^(l+z)T r ,0 


( 11 — 9 ) 


( 11 - 10 ) 

( 11 - 11 ) 


Thus, we find that the redshifted Planckian maintains its form with 
the parameter T(z) in the exponent given by equation (11-11). The 
photon density redshifts in the same manner as matter density as 
given by equation (10-1). The energy density in the radiation field 
then redshifts as 

Pr = Pr> o(l + z) 4 (11-12) 


in accord with the definition of T r (z) given by equation (11-11) and the 
relation p ~T 4 . 

We therefore find that 


T m ( 2 ) - Tr(z) = Tr, o(l + z) for z > 150 to 200 ( 11 - 13 ) 

At lower redshifts, when the matter has thermally decoupled from 
the radiation field, the momentum distribution of the atoms in the 
intergalactic gas is given by the Maxwellian, 


/?o(p, T mt o)dp — const X p 2 e-p dp 


( 11 - 14 ) 



EXTRA CA LA C TIC PROTON-ANTIPROTON ANNIHILATIONS 


191 


These atoms lose momentum through collisions due to the effect of 
the overall adiabatic expansion of the universe; their resultant momentum 
change is 

R 

p(z) =Po-~ y=/>o(i+z) (11-15) 

Substituting equation (11-15) into equation (11-14), we then find 

n m (z 9 p)dp ~ (14-z) 3 «. m , 0 [p> T m (z)]clp (11-16) 

with 

T m (z) = T m ,o(l + *)* ( 11 - 17 ) 

From equation (11-16), it is immediately evident that the total number 
of atoms, ~ nR 3 , is conserved during the expansion, as must be the case. 
We thus find that 


7V, (z) = T m> 0 (1 + 2 ) 2 for z <150 to 200 (11-18) 

with 

7V, (150 to 200) - 7V (150 to 200) (11-19) 

The adiabatic expansion concept may be used to link the derivations 
of equations (11-11) and (11—17) for the temperature-redshift relations. 
In an adiabatic expansion, it is well known that 


Tyiy— i ) — constant (11-20) 

where the quantity y here is the ratio of specific heat at constant pressure 
to that at constant temperature and V is the volume of the gas (in this 
case the volume of the universe) which from equation (9-15) is given by 

F(z) = F 0 (1+2)“ 3 (11-21) 

For photons and monatomic gases at relativistic temperatures (pc ~ E), 
y = 4/3, whereas for nonrelativistic gases, 7 = 5/3. Thus, from equations 
(11-21) and (11-20) we immediately obtain equation (11-11) for photons 
and relativistic gases and equation (11-17) for nonrelativistic gases. 

Equations (11-11) and (11-17) may then be used in equation (11-8) to 
evaluate I a (Ey ) . 

It is of interest to note that sine e/V (Ey) is nonvanishing only within a 
restricted energy range (given by eq. (3-76)), there exists an energy region 


E y < 5 MeV 


( 11 - 22 ) 
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Table 11— 1 .— Exponents of Cosmological Power-Law Annihilation 

y-R ay Spectra 


ft 

z 

70 MeV 
Eyo ~ (1 +z) 

5 

a ~r 1 

] 

0-150 

500 keV-70 MeV 

0.64 

2.86 


150-1000 

70 keV-500 keV 

0.64 

2.68 


lO^-lO 8 

< 70 keV 

2 

2.00 

- 0 

0-150 

500 keV-70 MeV 

0.64 

3.36 


150-1000 

70 keV-500 keV 

0.64 

3.18 


103-10 8 

< 70 keV 

2 

2.50 


where the integral in equation (11-8) is independent of the form of 
/a (Ey) and the resultant spectrum has a power-law form when absorption 
may be neglected. In actuality, the power-law form of the spectrum is a 
valid approximation even over a wider energy range, where a change of 
the limits of integration over /a(E y) does not significantly affect the 
value of the integral. In this case, we find 


where 


I A (Ey)=2Bo<r v tncKEy<*+'>~Ey<*+'> 


K 


J5 


919 MeV 
5 MeV 


dE yEy f y (E y) 


(11-23) 

(11-24) 


and a is the exponent of the total power-law dependence of the integrand 
on (1 T- z ) ; i.e., 

I A ( Ey ) ~ J dz (1 + z) a f A [ (1 + z)Ey] (1 1-25) 

For an Einstein-de Sitter universe, 0 = 1, whereas for a low-density 
Friedman universe, 0 — 0. Thus, we find the power-law production 
spectra with exponents given in table 11—1 for the various ranges ofy-ray 
energies at z = 0. 



Chapter 12 


Extragalactic Gamma Rays From Compton Inter- 
actions AND BREMSSTRAHLUNG 


12-1 COSMOLOGICAL GAMMA RAYS FROM COMPTON 
INTERACTIONS 

We next take into account the cosmological effects in computing the 
extragalactic y-ray spectrum from Compton interactions between 
cosmic-ray electrons and photons of the universal blackbody radiation 
field in intergalactic space. The local (z=0) spectrum is given from 
equation (8-19) as 

IcAEy) ^hrjcHo'fiT) (mc*)'- r (3.6A0 (r - sVa £*.oPr,o 

X jy-MEyW+w (12-1) 

for Compton y-rays produced by cosmic-ray electrons having a power-law 
energy spectrum of the form 

I(E e ) =Ke,oEe T ( 12 - 2 ) 

We have shown that, under the conditions where equation (12—2) is 
valid over all redshifts from 0 to z max and where electron energy losses 
other than those from the universal expansion are neglected, the trans- 
formation from K e , o to K e (z) is given by 

KeW^KeAl+zYHl + z) 1 " 1 

= Xe,o(H"^) r+2 (12-3) 

where the first factor of (1-bz) 3 represents the density effect and the 
factor of (1 T z) r ~ 1 represents the transformation of the power-law 
energy spectrum from a burst of relativistic cosmic-ray electrons oc- 
curring at z max ^ z. 

Substituting equations (11-12), (11-13), and (12-3) into the general 
formula (9-22), we find 

f 2 max (1 *T z) ^ 

Ic(Ey, Z m ax) = I c ,o(Ey) clz ^ + ^ 1/2 (12-4) 

Under these conditions, the power-law form for the Compton y-ray 
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spectrum is maintained but the cosmological flux is enhanced by a 
factor given by the integral over z in equation (12—4) . 

However, Brecher and Morrison (1967) showed that the true situation 
is not as simple as that given by equation (12—4) under the conditions 
when the high-energy end of the electron spectrum is steepened owing 
to energy losses from the Compton interactions themselves. Since the 
blackbody radiation density is proportional to (1-Fz) 4 , electrons lose 
energy primarily from Compton interactions, with the energy loss 
rate given by 


with 


W) ^ 4 o-rcp,- , (l + z) 1 , 

K dt J c 3 m e c 2 To 


(12-5) 


TO 


» 7.7xio» s 

4o*rcpo, r 


( 12 - 6 ) 


The energy loss from the universal expansion is given by 


m __z_ (12-7) 

\dz) exp 1 + 


From equations (12-5) and (9—41), we obtain 


dy\ /dy\ (dt\ (1 +*)V 
K dz) c \dt/c\dz) HqTq(1 + flz) 1/2 


( 12 - 8 ) 


The two energy loss rate terms are equal at the critical energy, 
E c — y c m e c 2 , where 

_ gore(l + nz)^ 256(1 + Hz) ^ 
yc (l + z) 3 (l + z) 3 ^ 12 9 ' 

or 

(1 4- Ori 1/2 

Ec -0-13 n+2 j ! : i GeV (12-10) 

For E < E c , the electron spectrum maintains its power-law form 
since these electrons lose their energy through the universal expansion; 
equation (12—3) is therefore valid. However, for E > E c , the equilibrium 
electron flux is given by the solution of equation (7-24) under the 
conditions when Compton losses dominate. Under these conditions, 
equation (7—24) reduces to the form (Brecher and Morrison, 1967) 


dy 


Key 


-r (l + z) v ~ 

To 


= k q y- v 


( 12 - 11 ) 


where kq y 1 is the original (injection) electron spectrum and T' is the 
exponent of the resulting equilibrium electron spectrum. It follows from 
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equation (12—11) that 
and 


r = r+ 1 

- _ k q T o 

e ~r(i + z y 


( 12 - 12 ) 

( 12 - 13 ) 


so that the equilibrium electron spectrum is depleted by a factor propor- 
tional to (1-fz) 4 by Compton interactions with the universal radiation 
field and, in addition, the exponent of the electron spectrum is steepened 
by one power of E e . 

This steepening in the electron spectrum corresponds to a change of 
1 in the exponent of the Compton y-ray spectrum at an energy 


Ey >c — 



y 2 c=33 


(1 + Qz) 

_ (iT7) s \ 


eV 


(12-14) 


Thus, the Compton y-rays are expected to be produced by the steepened 
electron spectrum at all y-ray energies. From equation (12-13), Brecher 
and Morrison conclude that unless there is a large evolutionary factor 
in the electron production spectrum, i.e., k Q ~ (1 + z) m , where m 2; 4, 
there will be no significant enhancement of Compton y-rays at large 
redshifts over those produced at the present epoch. 


12-2 COSMOLOGICAL GAMMA RAYS FROM BREMSSTRAH- 
LUIYG INTERACTIONS 

The local y-ray spectrum from relativistic bremsstrahlung interactions 
is given by equation (8-36) as 

I b o (Ey) =3.4 X 10-^nocHo 1 Ey) (12-15) 

Ey 

Making use of equations (9-22) and (12—3), we obtain for the cosmo- 
logical bremsstrahlung production spectrum 


h(Ey o, 2 max ) : 


3.4 X 10~ 2e nocH K e , o 


r-i 


X 


1 


^max (1 -hz) 3 (l + z) r+2 [(l + z)£ , yo]~ 


dz 


(l-f-z) 4 (l + Oz) 


1/2 


3.4X10” 3 0 


r-i 

6.8 X 10“ 3 


K e , o£yf 


2 max (1+z) 
dz 


r-i 


K. e , oEyQ 


l " + 


/ 2 M 


( 1 3 a )_ 

(12-16) 


411-892 0 - 71 - 14 
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In particular, for the Einstein-de Sitter universe where 0—1, 

h (Ey o ,z max )=ih. o (Evo) [ ( 1 + z max ) ■ - 1 ] (12-17) 

a n d for t h e 1 o w -density model w here flz I , 

h(Ey o, w) - A MEyo) [(I + w) 2 “ 1] d 2 ” 18 ) 

Equations (12-16) through (12—18) are, of course, valid only in the 
energy range Ey < E c , with E c ( ft, z) given by equation ( 12 - 10 ) corre- 
sponding to the energy range for electrons where they are undepleted 
by Compton interactions over a time scale corresponding to the age of 
the universe at a redshift z. 

Stecker and Silk (1969), using a galactic cosmic-ray electron flux 
(Tanaka, 1968) given by 

Ig= 1.26X lO-^eT 2 * 6 (cnF-s-sr-GeV)" 1 (12-19) 

have calculated the ratio IolI (J , where 7o is the present flux of extraga- 
lactic electrons needed to produce the observed flux of isotropic y-rays 
in the 0.1- to 1-MeV energy range under the assumption that these y-rays 
are produced as the result of bremsstrahlung of extragalactic cosmic- 
ray electrons. They also calculated the fluxes of extragalactic protons 
needed to produce by 7r°-decay the y-ray flux above 100 MeV of 1.1 X 10 -4 
(cm 2 -s-sr) _1 originally reported by Clark et al. (1968). 

The resultant y-ray spectra from bremsstrahlung and inelastic strong 
interactions were calculated for two cosmological models (viz, an Ein- 
stein-de Sitter (flat) universe with n 0 =10~ 5 cm~ 3 and an open universe 
with no— 10~ 7 cm" 3 ) and three models of cosmic-ray production (viz, a 
burst model where all the cosmic rays were produced at some initial 
epoch, a constant leakage model where cosmic rays have leaked out ol 
radio sources at a constant rate since K^max)? and an evolving source 
model as suggested by Longair (1966) where the cosmic-ray production 
rate varies as (l+z) :i ). These models have been discussed previously 
in chapter 10. The characteristics of the y-ray spectra from these various 
processes are outlined in table 12—1. The values of Io/Ig obtained for 
extragalactic cosmic-ray electrons and protons are shown in figures 
12—1 and 12—2. They are plotted as functions of (l-bz ma xG as nee ded to 
explain the observations. 

The cosmic y-ray (or X-ray) spectrum from nonrelativistic bremsstrah- 
lung interactions of electrons has been calculated by Silk and McCray 
(1969). They calculated the bremsstrahlung spectrum of nonrelativistic 
electrons by using equation (8-26), taking into account the energy losses 
of the lower energy electrons by coulomb interactions in calculating 
the equilibrium spectrum of extragalactic electrons as a function of 
redshift Their resultant electron spectrum is shown in figure 12—3. 
Figure 12—4 shows their calculated X-ray spectrum together with some 
of the recent observations of isotropic X-ray fluxes. 



Table 12-1. — Characteristics of Predicted Extragalactic y -Ray Spectra From Various Processes in 

Given Energy Regions 



< 0.5 MeV 

1 to 100 MeV 

> 100 MeV 

Compton 

Power-law spectrum of form E~ r where F 
= (/3 + l)/2 and (3 is the index of the cosmic- 
ray electron spectrum. In particular, T=2.3 
for /3 = 3.6 as discussed by Felten and 
Morrison (1966). 

^g-2.3 

~ E-' 2 '* 

Bremsstrahlung 

Power-law spectrum of form E~ r where F 
= /3 and (3 — 2.6 in an open universe. 

Power-law spectrum of form 
E~ r , where T~ (3 and 
/3 — 2.6. (See text.) 

~ £-3.6 

Inelastic strong interactions 

Negligible contribution; power law of form 
~ E + r where T — 3. 

Spectrum peaks in this energy 
region at— 70 MeV(14-z max )" 1 . 

- E~ :i 

Annihilation 

Power-law production spectrum of form E ~ r , 
where T — 2.68 for flat universe and F— 3.18 
for open universe. Absorption effects become 
important in this energy range. (See ch. 13.) 

Power law of form £’~ r , where 
r ^ 2.86 for flat universe and 
r ^ 3.36 for open universe. 

Power law becomes steeply 
falling spectrum with no 
flux above 919 MeV. 
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Figure 12-2.— Extragalactic proton intensities (Stecker and Silk, 1969). 
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Chapter 13 


Gamma-Ray Absorption Processes at High Redshifts 


In chapter 4, we discussed in detail the processes which result in the 
absorption of cosmic y-rays. In that chapter, we pointed out that there are 
three main absorption processes of importance under the conditions in 
interstellar and intergalactic space: Pair-production interactions of 
cosmic y-rays with the universal blackbody radiation field, Compton 
interactions of cosmic y-rays with electrons in the interstellar or inter- 
galactic gas, and pair-production interactions of cosmic y-rays with atoms 
of the interstellar or intergalactic gas. In this chapter, we will show 
how the effectiveness of these absorption processes is enhanced at high 
redshifts due to increased photon and matter densities at these redshifts 
when the universe was in a more compact state. We will also derive the 
energy dependences of these absorption processes, taking cosmological 
factors into account as discussed in chapter 9. 


13-1 ABSORPTION BY PAIR-PRODUCTION WITH 
PHOTONS OF THE UNIVERSAL RADIATION FIELD 


We begin our discussion by considering the absorption of cosmic 
y-rays by pair-production interactions with photons of the universal 
blackbody radiation field. These interactions are primarily of the form 

y + y — » e + + e~ (13-1) 

Detailed calculations of the y-ray absorption coefficient Kyy(Ey) for 
this process have been made by Gould and Sehreder (1967a, b) and have 
been discussed in chapter 4. This absorption coefficient, which repre- 
sents the probability per unit pathlength / that a y-ray will be destroyed 
by the pair-production process (13-1) can be expressed for y-rays inter- 
acting with a blackbody radiation field of temperature T as 


*”<*'> -2S*A (5)’ <13 " 2) 
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where 


" k-TEy ' 1 


(13-3) 


a — 1/137 being the fine structure constant ( e 2 jhc ), A = hi me = 3.86 X 10 -n 
cm, and k being the Boltzmann constant. 

In the other extreme, 


, Trot 1 ( kTV , / 0 . 1 17 \ ^ ^ 

Kyy(£ y )- — ( — j v In ( ~ J " ^ 1 d3~4) 

For cosmological applications, we must take into account the redshift 
dependences of T and Ey in an expanding universe, 

t=t 0 (i+z) 

and (13-5) 

Ey = Eyo(l+ z) 


where the subscript zero refers to presently observed (z=0) quantities, 
so that T 0 = 2.7 K. 

Taking the z-dependences into account, we then find that equation 
(13—2) is applicable in the energy range 


Ey < 


1.12X10 6 GeV 


( 1+*) 2 

The optical depth of the universe to y-rays is then given by 

f ^max(^max) 

T (Ey, Zniax) = j dl Kyy(Ey, z) 

f) 

where, from equations (9-41) and (9-42), 


(13-6) 


(13-7) 


ell IQ 28 cm 

~dz~ (l + z) 2 (l + 10 5 /i 0 z) 


(13-8) 


tto being the present mean atomic density of all the matter in the universe. 
We will consider here two types of model universes: a “flat” or Einstein- 
de Sitter model with no = 10~ 5 cm 3 and an “open” model with n 0 ^ 10 _5 z. 
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For the flat model, equation (13—7) reduces to 


t(E 


yo, Zmad 


= 3.9X10 8 Ey'l 2 


z max 

r — i.i 2 x io 6 " 

dz exp 
Jo 

L (1 + z) 2 E yo J 


(1 +z)~'l 2 

(13-9) 


with Eyo in GeV. 

For z m ax > 1, equation (13-9) can be further simplified to yield 


r(E yo, z max ) = 1.7 X 10 2 ^Vo 2 (1+ Zmax) 1/2 exp 


ff~ — 1.12 X 10 6 ~ 

_ (l - hZmax) 2 F'Y0 _ 


(13-10) 


A numerical solution found by setting equation (13-7) for r(Ey o, z er it) 
= 1, which defines the critical redshift where the universe becomes 
opaque to y-rays of energy Ey o, can be well approximated by the 
expression 


1 + Zcrtt ~ 2.60 X \0 2 EyH A84 


(13-11) 


For the open model, we find 

f^max 

r(E yo, Zmax) = 3.9 X dz exp 

Jo 


1.12 X IQ 6 

(l + z) 2 £Vo 


For z max t> 1, equation (13-12) may be approximated by 

1.12 X10 6 


r(E y 0 , z max ) - 1.7 X 10 *E\I> (l+z max ) exp 


(l+^maxF^YO. 


(13-12) 


(13-13) 


Thus, there is no significant difference between the opacities of the 
open and flat model universes. This being the ease, we may invert 
equation (13-11) to obtain an expression for the predicted cutoff energy 
E c above which y-rays originating at a redshift z max cannot reach us. 
This relation is then given by 


/ 2.60 X 1Q 2 \ 2 06 
\ Id" z max / 


(13-14) 


and is graphed in figure 13-1. 

In the other extreme, v< 1, we find that as we consider higher and 
higher energies, the universe will not become transparent to y-rays again 
until we reach an energy E iv , where the optical depth r(£' tr , z max ) again 
falls to unity. The expression for the optical depth when v 1 is given 
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Figure 13-1. — Cutoff energy versus redshift for cosmological y-rays (Fazio and Steeker, 

1970) 


for a flat universe by 

tCEVo, z max ) -4.4X 10 13 £^ f* maX dz{l+z)-^ 

Jo 

- 8.8X1(F 3 £-J (z max > 1) (13-15) 

and for an open universe by 

f ^max 

r(E y 0 , z max ) — 4.4 X 10 13 £y ( J ^z(l+z)“ 1 -4.4xl0 13 £ , Fd In (l+z max ) 

Jo 

(13-16) 

In both cases we find thati? tr > 10 13 GeV so that we may safely assume 
that the universe, due to the blackbody radiation field, is essentially 
opaque to y-rays of all energies greater than E c . 

13-2 GAMMA-RAY ABSORPTION BY PAIR-PRODUCTION 
AND COMPTON INTERACTIONS WITH INTERGA- 
LACTIC GAS 

Gamma-ray absorption by pair-production and Compton interactions 
with intergalaetie gas at high redshifts has been examined by Rees 
(1969a, b) and by Arons and McCray (1969). Our discussion here essen- 
tially follows theirs. The absorption cross section for Compton interac- 
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tions is given in equations (4- 19) and (4—20); that for pair-production, 
in equation (4-23). These absorption processes are discussed in chapter 
4, and the cross sections are graphed in figure 4-2, The total absorption 
cross section above 100-MeV energy is roughly constant and equals 1.8 
X 10“ 26 cm 2 . For the case of a constant absorption cross section, the 
optical depth as a function of redshift z max is given by equations (13-7) 
and (13-8) as 


^(^max) 


JO 


dz n(z)a 



where 


: tioo-cHq 1 


Jo 


(l + ftz) 


1/2 


T c ft 


3d _ 2 __J + 



T c = TIcCTcHq 1 = 1.8 X 10~ 3 


(13-17) 

(13-18) 


a result which was first obtained by Gunn and Peterson (1965). 

For an Einstein-de Sitter universe (11= 1) 

r(z max ) =|Tc[(l+2 max ) 3/2 -l] (13-19) 


and for a low-density universe (flz 1) 




Chapter 14 


Possible Interpretation of Isotropic Gamma-Ray 

Observations 


By comparing the theoretical calculations of isotropic y-ray spectra 
from intergalactic secondary particle production (ch. 10), matter-anti- 
matter annihilation (ch. 11), bremsstrahlung, and Compton interactions 
(ch. 12), we find that extragalactic bremsstrahlung and Compton inter- 
actions may be possible alternative explanations of the observed isotropic 
X-ray spectrum below 1 MeV. Both processes produce power-law X-ray 
spectra with exponents in the range from 2.4 to 2.6 from interactions 
involving cosmic-ray electrons having spectra similar to that of galactic 
electrons. However, as we showed in chapter 12, the bremsstrahlung 
X-rays are produced by electrons in the energy range where they are 
unattenuated by Compton interactions, whereas the Compton-produced 
X-rays result from interactions of higher energy electrons with a steeper 
energy spectrum, which have been attenuated by Compton interactions. 
Thus, as we showed in chapter 12, we can get cosmological enhancement 
of the bremsstrahlung X-ray spectrum at high redshifts, but such is not 
the case with Compton-produced X-rays. 

The recent observations of Vette et ai. (1969, 1970) have now provided 
measurements of background y-rays with energies up to 6 MeV. (See 
appendix.) These data, providing the first measurements in this energy 
range, have already yielded valuable information. Their preliminary 
results are shown in figure 14—1. These measurements are consistent 
with the well-known power-law X-ray spectrum below 1 MeV. However, 
they indicate a marked departure from the power law above 1 MeV. 
For example, the 6-MeV point is an order of magnitude higher than what 
would be expected on the basis of a power-law extrapolation of the X-ray 
data. Also included in the figure are an upper limit set by a balloon 
flight of the University of Rochester group and updated by a recent 
recalibration and an upper limit at 10 MeV set by a balloon flight of the 
Naval Research Laboratory Nucleonics Division (Share; 1970): The 
OSO— 3 point shown in the figure is based on the recent recalibration of 
Clark et al. (1970). The solid p — p line for z max ~ 100 is the same as that 
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calculated in chapter 10 (Stacker, 1969c) for collisions involving cosmic 
rays with a power-law spectrum of exponent —2.5. The dashed line 
indicates the y-ray spectrum generated by cosmic rays with a power-law 
spectrum of exponent —2.7. The data above 1 MeV, with the data of 

Clark et al. being interpreted as a real flux, fit the shape of the theo- 
retical y-ray spectrum from cosmic-ray p—p interactions integrated to a 

maximum redshift of ~ 100 for a burst or evolving source model where 
cosmic-ray production was higher in the past. They do not seem con- 
sistent with other theoretical spectra for energies above 1 MeV. Vette 
et al. (1970) have interpreted their results to indicate a new component 
of the cosmic y-ray spectrum above 1 MeV which they find to be con- 
sistent with the theoretical interpretation presented here. In addition, 
Clark et al. (1969) have reported qualitative results indicating that the 
isotropic component of cosmic y-radiation above 100 MeV has a softer 
spectrum than the galactic component. This result is also in agreement 
with the theoretical predictions presented previously. 

These suggestive results make it even more imperative to obtain 
other y-ray observations in the 1- to 100-MeV region in order to con- 
firm the present data and to extend the range of the measurements. 
However, on the basis of these first results, we can present the following 
interpretation. 

Comparison of the predicted spectra with the y-ray observations indi- 
cates that extragalactic y-radiation may be due to the decay of neutral 
pions produced in inelastic collisions of extragalactic cosmic-ray protons 
and gas. The peak in the resultant y-ray spectrum, which normally occurs 
at ~ 70 MeV, is redshifted down to ~ 1-MeV energy. This effect is due 
to the increased collision rate at larger redshifts, when our expanding 
universe was in a more compact state, as well as to increased cosmic-ray 
production at large redshifts. A cosmic-ray production rate which is 
constant over all redshifts will not account for the new observations. 
The assumption of various time-dependence models for cosmic-ray 
production leads to differing requirements for the present metagalactic 
cosmic-ray flux needed to produce the observed y-rays. (See fig. 12—3.) 
The maximum redshift needed to fit the observations is ~ 100, which 
corresponds to an epoch when the age of the universe was 10 7 to 10 8 
years and the temperature of the universal radiation field was 270 K. 
This may correspond to the epoch when objects of galactic mass were 
beginning to form from the metagalactic medium (Weymann, 1967). 
There is mounting evidence that radio sources were more active (or 
prevalent) at earlier epochs (Longair, 1966; Rowan-Robinson, 1968; 
Schmidt, 1968) and it is plausible to speculate that in these sources, 
where electrons are accelerated to cosmic-ray energies, protons may also 
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be accelerated to these energies. 1 Whereas electrons have short lifetimes 
at high redshifts due to Compton interactions with the universal radia- 
tion field, possibly restricting their radio-emission stage to redshifts 
of — 10 or less, the protons do not undergo significant depletion from 
Compton interactions. Thus, the sources producing y-rays at redshifts 
of — 100 will not be visible as radio sources. They may also be unobserv- 
able in the optical (Gunn and Peterson, 1965) and X-ray regions (Rees, 
1969, and Arons and McCray, 1969), since a dense intergalactic medium 
becomes opaque to X-rays at redshifts <10. Thus our best chance of 
studying these sources comes from y-ray observations; and their study 
should be of prime importance to the young field of y-ray astronomy. 

I will henceforth refer to these primordial cosmic-ray sources as 
“protars.” It seems reasonable to speculate that protars may be early 
stages in the evolution of quasars and galaxies; i.e., of objects of high 
mass that are in the initial stages of condensing out of the metagalactic 
medium. The subsequent release of gravitational energy coupled with 
the generation of strong magnetic fields during the contraction could 
then provide energy for the acceleration of cosmic rays. 

Although most theoretical arguments favor a present intergalactic 
gas density of 10" 7 to 10~ 5 cm™ 3 , studies of the spectra of quasars having 
redshifts of — 2 have indicated a neulral hydrogen density < 10 -u cm" 3 
(Burbidge and Burbidge, 1967). This fact argues for a strongly ionized 
intergalactic medium. In addition, soft X-ray observations by Henry et al. 
(1968) have produced evidence of a hot intergalactic plasma with a den- 
sity of TO" 6 to 10“ 5 cm" 3 . Recent comparisons of radio observations with 
theoretical models of free-free emission spectra from ionized intergalactic 
gas (Payne, 1969) have indicated that the intergalactic medium could 
have become ionized at some redshift < 100. Cosmic rays from protars 
would provide a natural source for heating the intergalactic medium at 
this epoch. It can be shown (Weymann, 1967) that once the ionization 
occurs, the medium would then remain ionized due to subsequent 
cosmic-ray heating up to the present epoch. Rees (1969b) has recently 
argued for an intergalactic gas remaining neutral at redshifts between 
— 2 and — 1000. 

Cosmic rays from protars that have energies of — 300 MeV (the 
threshold for neutral pion production) at a redshift of — 100 would have 
their energy reduced to — 100 keV at a redshift of — 2 and would be 
about 50 times more effective in heating the intergalactic gas. There- 
fore, cosmic rays from protars existing out to redshifts of — 100 could 
cause a delayed ionization of the intergalactic medium effective at much 
lower redshifts. 


1 Other possible implications have been suggested by the author (Stecker, 1971). 
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It should be pointed out that the redshifts of — 100 proposed here for 
the pro tars may indicate that they are near the limit of observability for 
y-ray observations. Rees (1969a) and Arons and McCray (1969) have 
independently considered the absorption of y-ray s by in ter galactic gas 
due to Compton interactions and pair production. In an Einstein-de 
Sitter universe with a gas density of 10 -5 cm' 3 , the y-ray absorption 
coefficient varies as the 3/2 power of redshift. For a high-density universe 
and a redshift of z = 100, we find from equation (13-17) that the optical 
depth is 1.2 for y-rays with present energies between 1 and 100 MeV. 

Thus, for a high-density universe, the y-rays reaching us may be 
partially depleted by absorption effects. Of course, for models with 
no < 10“ 5 cm" 3 , absorption effects are negligible at z=100. 

It has been shown in chapter 13 that the y-ray opacity due to inter- 
actions with the universal blackbody radiation for z< 100 is negligible 
for E ^ E c — 7.1 GeV. However, above this energy absorption effects 
become important and steepen the resultant y-ray spectrum. The spec- 
trum above 7.1 GeV, instead of being an integral over the range 
100, becomes an integral over the range 0 z ^ z crit , with z crit 
given by equation (13—11). 

Thus, for z max > 1, assuming that z crit — 260 Ey 1/2 , considering a burst 
model for cosmic-ray protons (see ch. 10), and taking G(Ey) ~ Ey 3 
above 10 GeV, we find from equation (9—22) 

f 260 £ V 2 ( m + \\ 

I(Ey) ~Ey* dz{\+z)"'~Ey\* + ~7r) (14-1) 

Jo 

where m— 0 in the case of an Einstein-de Sitter universe and m = i in 
the case of a low-density universe. Thus, for an Einstein-de Sitter model, 
the exponent in the cosmological y-ray spectrum should increase by a 
factor of AEy = i, and for a low-density universe the increase is ATy — f . 

It should also be noted that in a high-density model at redshifts of 
the order of 100, cosmic-ray attenuation by nuclear collisions will also 
become important. (See ch. 10.) Thus, we must increase somewhat the 
cosmic-ray production requirements for the high-density model. However, 
for present densities less than 0.5 X 10” 5 cm" 3 , attenuation is negligible. 

Taking absorption effects into account, and considering models where 
the present gas density is 10“ 7 to 10 5 cm -3 , we can conclude that if the 
protar hypothesis is correct, protars have filled intergalactic space with 
remnant cosmic rays having a present density of 10" 5 to 10~ 3 the galactic 
value; i.e., 10~ 17 to 10" 15 erg/cm 3 . 
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Gamma-May Telescopes 

Donald Kniffen 


A- 1 INTRODUCTION 

Even though astronomy is one of the oldest of the experimental 
sciences, dating back over 5000 years, investigations in the highest 
frequency portions of the electromagnetic spectrum have developed only 
within the last two decades. Atmospheric absorption of X-rays and y-rays 
prevents their direct detection and study from ground-level observa- 
tories, hence data on these energetic photons were not available until 
high-altitude balloons, sounding rockets, and satellites became available 
to place instruments above the atmosphere. In this appendix we describe 
the telescopes which have been developed for such observations and 
outline the direction of future experimentation in y-ray astronomy. 

A-2 TECHNIQUES 

There is no property of the y-ray which allows it to be detected directly. 
It is thus necessary to use secondaries produced by the interaction of 
y-rays with some suitable target material. Heavy-metal targets because 
of their large atomic number Z provide large interaction cross sections. 
(See ch. 4.) Figure A-T shows that for energies above 1 MeV the most 
important interactions of photons in heavy-metal targets are the Comp- 
ton scattering process up to a crossover energy of about 10 MeV and 
the electron-positron pair-production above 10 MeV. 1 * 

The reliability with which y-rays may be detected by these interactions 
depends upon the discrimination between these events and those caused 
by interactions of unwanted particles in the cosmic-ray environment. 
In fact, this consideration plays a dominant role in the design of y-ray 
telescopes, since the photons must be observed above a background of 
10 4 times as many charged particles. Since the consequences of the de- 


1 The crossover energy increases with decreasing atomic number becoming about 

55 MeV for hydrogen (fig. 4-2). 
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FIGURE A— L — The interaction coefficients (proportional to cross sections) for interactions 
of energetic photons traversing a large atomic number (Z = 79) medium, plotted as a 
function of photon energy. (For No photons incident upon the material, N=N 0 e~ ti( remain 
after passing through t radiation lengths of the material, where /x is the interaction 
coefficient; Kniffen, 1969.) 


sign depend strongly on the particular objectives of the experiment, a 
variety of different types of detectors have been developed to search 
for extraterrestrial y-rays with energies above 1 MeV. However, in 
each case the instrument must be able to have a reasonable detection 
efficiency for y-rays with a high rejection efficiency for other types of 
events. In addition, it must have some degree of energy resolution and 
the ability to measure the arrival directions of the y-rays in order to 
identify the source regions and to compare their y-ray energy spectra 
with theoretical predictions, such as those presented in this monograph. 
The slowly varying nature of the expected continuum spectra for cosmic 
y-rays above 1 MeV does not necessitate a particularly high energy- 
resolution for the detectors. 

The telescopes currently being used in y-ray investigations or planned 
for use in the near future consist of four basic types: The scintillator- 
Cerenkov detector telescope, pictorial-type detectors, gas Cerenkov 
telescopes, and ground-based night-sky Cerenkov detectors. Each of 
these types has its unique characteristics and advantages. 

A-3 SCINTILLATOR-CERENKOV DETECTOR TELESCOPES 

As the name implies, the basic element of this type of detector, as 
depicted in figure A-2, is a two-element telescope consisting of a scin- 





FIGURE A-2. — A schematic representation of the scintillator-Cerenkov counter of Duthie 
et al. (1963) with plastic scintillator anticoincidence counters, A u A 2 , and E; a lead con- 
verter, Pbi; scintillation counters. By and B 2 ; and Cerenkov detector, C. The counter 
pairs are used for redundancy. 
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PRINCIPLE OF A Nil CO INCIDENCE SHIELD 

lb) 


to) 




SCINTILLATOR 


□ CONVERTER 

□ SCINTILLATOR 


REJECTED 



Figure A— 3.— This figure depicts the principle of the anticoincidence shield- A charged 
particle (a) produces a flash in both scintillators A and B. The y-ray conversion ( b ) pro- 
duces two flashes in B, but none in A. Thus charged particle background events are 
discriminated against. 


filiation counter and a Cerenkov detector. Each of these devices registers 
the passage of a charged particle by sensing the light emitted as the 
particle traverses the detecting medium. The scintillation counter con- 
sists of a translucent fluorescent material viewed by a photomultiplier 
tube, which converts the light flashes produced in the fluorescent mate- 
rial to electric pulses. The Cerenkov detector consists of a radiating 
medium (radiator) and a photomultiplier. Relativistic particles traveling 
faster than the speed of light in the radiator, c/n y where n is the refrac- 
tive index of the radiator material, produce an optical “shock wave” 
which emits light in a forward cone with the particle trajectory as its 
axis and a half angle 0 given by cos 0—1/ fin. When the photomultiplier 
is placed beneath the radiating medium, this device provides a direc- 
tional detector which triggers only on particles moving downward with 
velocities greater than c/n. 

The scintillator-Cerenkov coincidence telescope is placed beneath a 
thick target (converter) which converts the photons into electron-posi- 
tron pairs; and the entire device is surrounded, except from below, by 
an anticoincidence scintillator which vetoes charged particle events. 
(See fig. A— 3.) All events which pass undetected through the anti- 
coincidence counter and provide simultaneous light flashes from the 
two elements of the charged particle telescope are recorded as y-rays. 

This instrument has the advantage of being relatively small, light, 
and simple, which makes it very useful as a space research detector. 
However, it has poor angular resolution and, most importantly, an in- 
herent ambiguity in uniquely identifying weak y-ray intensities, because 
of its lack of pictorial capabilities. Scintillator-Cerenkov telescopes 
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Figure A-4. — The OSO-3 y-ray detector of Kraushaar et al (1968). The principle of opera- 
tion of this advanced scintillator-Cerenkov detector is discussed in the text. 


have obtained very valuable data on y-rays with energies above 50 MeV 
as “first-generation” y-ray telescopes. 

The counter-type detector has been used in balloon-borne experi- 
ments by Cline (1961) and Duthie et al. (1963) in search of a diffuse 
background intensity of cosmic y-rays and in the satellite experiments 
of Kraushaar and Clark (1962) on Explorer 11; Fazio and Hafner on 
OSO-T (1967); and Kraushaar, Clark, and Garmire (1968) and Valentine 
et al. (1970) on OSO-3. Figure A-4 is a schematic representation of the 
most advanced of this detector type, the OSO-3 instrument of Kraushaar 
et al. (1968), with a converter sandwich 2 designed to verify the electro- 


2 The converter sandwich consists of two different types of scintillators, each examined 
by separate photomultiplier tubes. Because cross sections for electromagnetic interactions 
have a different dependence on the atomic number Z than do those for nuclear interactions, 
the ratio of y-ray conversions between the Csl and the plastic scintillation counters is 
13:1. The expected ratio for neutrons converting to protons is 4:1. 
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FIGURE A— 5. — A schematic representation of the low-energy y-ray counter of Peterson 
et ah (1968), consisting of a central totally absorbing crystal scintillator surrounded on all 
sides by a plastic scintillator anticoincidence counter. 


magnetic nature of the suspected y-ray events and an energy discrim- 
inator 3 to provide a crude energy measurement. 

Modifications of this general type of telescope have been used in 
recent balloon studies of atmospheric y-rays (Paolo, Paolo, and Con- 
stantinos, 1970) and the galactic line intensity (Sood, 1969). 

The electrons and positrons produced by y-rays below ~ 5 MeV in the 
converter do not have sufficient energy to penetrate both elements of the 
telescope; hence a different configuration is required. To detect these 
low-energy y-rays, the Cerenkov element is removed and the scintillation 
detector is made sufficiently thick to absorb the converted electrons as 
their kinetic energy is lost in the scintillation material. Peterson et al. 
(1968) have developed such an instrument to measure the isotropic dif- 
fuse intensity of 0.25- to 6-MeV y-rays. This detector, shown schematically 
in figure A— 5, consists basically of a large thallium-doped sodium iodide 


3 The energy discriminator consists of alternating layers of tungsten targets, in which 
the incoming electron initiates an electromagnetic cascade, and scintillation counters, 
which measure the number of electrons existing at sample levels in the cascade. Compari- 
son with shower theory allows a crude measurement of the energy of the incoming par- 
ticles and also allows an additional discrimination against nuclear particles because of the 
different nature of the nuclear cascade. 
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crystal, surrounded on all sides by a plastic scintillator anticoincidence 
shield which rejects penetrating charged particles. Those y-rays are re- 
corded which produce high-energy electrons that are detected and totally 
absorbed by the crystal while no signal is recorded in the anticoincidence 
counter. Gamma rays in this energy range produce high-energy electrons 
predominately by Compton scattering rather than by pair-production. 
Since this scattering process destroys potential information on the direc- 
tion of the incoming y-ray, this type of detector is limited to studies of 
diffuse y-ray distributions. 


A-4 PICTORIAL-TYPE DETECTORS 

By the early 1960’s it had become clear from the results of experiments 
by Perlow and Kissinger (1951) and Critchfield and Ney (1952) that the 
primary y-ray intensity at cosmic-ray energies is several orders of magni- 
tude lower than the intensity of energetic charged nuclei. The many 
problems of identifying such a rare component in a high background led 
several groups to develop a variety of pictorial-type detectors in which the 
pair-production event could be uniquely identified and its properties 
studied to obtain detailed data on each of the detected y-rays. 


A~4a Nuclear Emulsions 

The first pictorial detector to be used was the nuclear emulsion 
(Bracessi, Ceccarelli, and Salandin, 1960; Klarmann, 1962; Fichtel and 
Kniffen, 1965; and Frye, Heines, and Armstrong, 1965). The emulsion 
provides an excellent medium for the identification of the pair-production 
interaction, since the emulsion material serves as the conversion target as 
well as the detecting medium. This allows the electron pair to be ob- 
served at the point of formation, since rows of developed grains remain 
along the residual ion paths of the charged particles. This allows the prop- 
erties of the electrons to be studied before they are modified by subse- 
quent passage through the remainder of the converter. As a result, this 
medium provides a maximum of information on each detected y-ray, with 
excellent determination of the energy and arrival direction of the incident 
photon down to a few megaelectron volts. Unfortunately, there are some 
very serious undesirable features of this technique which seriously limit 
its usefulness in y-ray astronomy. First, it lacks time discrimination, 
since any y-ray passing through the emulsion, from the time of its manu- 
facture to the time of its development following exposure, is recorded. 
The resulting high background y-ray intensity in the emulsion detector 
restricts its use to searches for discrete sources where its high angular 
resolution can be used to minimize the effect of the background. The 
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equation for the sensitivity of a detector for discrete source observations 
is given by 


FyAet Fy /Aei\ m 

( I B Aet7r6 2 ) 1/2 6 \J B 7t/ 


(A— 1) 


where Fy is the discrete y-ray source flux, I B the background y-ray 
intensity, A the detector exposure area, e the detection efficiency, t the 
time of exposure, and 6 the angular resolution of the detector. It follows 
from equation (A-l) that for maximum detector sensitivity, good angular 
resolution is desirable, but not at the cost of a large sacrifice in back- 
ground intensity. At low energies, e is also a very critical parameter for 
emulsion detectors, since it is most tedious and time consuming to 
search for the low-energy electron pairs under a high-power microscope, 
with the resultant deterioration in accuracy and consistency. Finally, 
the necessity for recovery essentially limits the use of emulsions to 
balloon-borne experiments. 

A- 4b Spark Chambers 

The advantages of the emulsion detector have led many experimenters 
to develop other types of pictorial detectors which incorporate, to as 
great an extent as possible, the advantages of that technique without 
its disadvantages. Of the other imaging detectors which might be con- 
sidered for y-ray telescopes, the spark chamber is the most advan- 
tageous for space research. A number of different approaches have been 
taken by experimenters in adapting this device to y-ray observations. 

Historically, the first spark chambers used in y-ray astronomy (Cobb, 
Duthie, and Stewart, 1965; Frye and Smith, 1966; and Ogelman et al., 
1966) incorporated the photographic readout system. In this type of 
device, the spark-chamber modular unit consists very simply of two 
parallel metal plates with a gap containing the spark gas. The gap is 
sufficiently large that the sparks formed in the gas between the plates 
can be viewed optically and recorded on film. 

The first such instrument to be used in studies of extraterrestrial 
y-rays with energies > 100 MeV was developed by the group under 
Duthie at the University of Rochester (Cobb et al., 1965). Ogelman 
et al. (1966) used a similar detector for studies of y-rays above 1 GeV. 
In principle, this detector is similar to the counter-type detector shown 
in figure A-2, with sets of spark-chamber modules placed above the 
converter and between the scintillation and Cerenkov counters. In- 
coming y-rays are converted into electron-positron pairs in the converter. 
As the pair electrons pass through the spark chambers the spark gas 
is ionized along the particle paths. When the scintillator-Cerenkov 




FIGURE A-~6.~ The one standard deviation error in determining the arrival direction of 
7 -rays in a typical spark chamber telescope as a function of y»ray energy (Fichtel et al.. 
unpublished). 


telescope detects a y-ray event, high voltage is applied across the plates, 
and the sparks which occur along the ion paths are recorded on photo- 
graphic film. This determination of the trajectory results in a much- 
improved y-ray event identification and an accurate determination of its 
arrival direction and maintains a wide acceptance angle. The spark 
chamber above the converter serves as a redundant anticoincidence 
indicator to prevent acceptance of charged particle events. 

Frye and Smith (1966) and the group under Fichtel at Goddard Space 
Flight Center (Ehrmann et ah, 1967) improved upon the spark chamber 
by distributing the converter as thin plates placed between the modules 
of the spark chamber. This feature provides more detail in the “picture” 
of the event, approaching more closely the advantages of the emulsion 
detector. The result is a still more reliable event identification and a 
more accurate determination of the y-ray arrival direction. Figure A— 6 
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FIGURE A— 7. —A recent version of the balloon-borne spark chamber y-ray telescope of 

Frye et al. (1969). 


shows the accuracy with which the y-ray arrival direction can be ob- 
tained with such a configuration. 

A recent version of the Case Western Reserve photographic chamber 
(Frye et al., 1969) is shown in figure A— 7. 

The balloon-borne detector of the GSFC group contains target plates 
between the modules beneath the scintillation counter, as shown in 
figure A— 8. Such a configuration provides a better identification of 
the event, and a study of the coulomb deflections of the electrons in the 
plates allows a determination of the energy of each electron and hence 
the energy of the y-ray (Pinkau, 1966; Kniffen, 1969). This energy 
information also improves the knowledge of the y-ray arrival direction 
(Fichtel et al., 1969). The GSFC group (Ehrmann et al., 1967; and Ross 
et al., 1969) employs a ferrite core readout system consisting of a stack 
of spark modules. Each wire is threaded through a ferrite core and 
attached to a bus common to all wires of the same plane. As an event is 
detected and high voltage is applied across the grid, a spark breakdown 
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Figure A-8. — The i- by i-m digitized wire-grid spark chamber y-ray telescope of the God- 
dard Space Flight Center group {Ross et al M 1969). [PM — photomultiplier tube.] 

causes current to flow along the affected wires, “setting” the respective 
cores. Reading out the cores identifies an x and y spark location at each 
modular level, hence a stack of modules provides a three-dimensional 
“picture” of the charged particle trajectories. Figure A- 9 presents 
a microfilm printout of such an event obtained in a balloon flight experi- 
ment. This type of readout system has the advantage that it does not 
require that large amounts of film be carried with the experiment, and 
the data can readily be transmitted to a ground-based receiving and 
recording station. This feature makes this system readily adaptable to 
a satellite configuration. Figure A-10 shows a satellite version of the tele- 
scope developed at Goddard Space Flight Center (Cline, Fichtel, and 
Kniffen, 1967). 

Other remote readout systems have been devised for y-ray telescopes, 
such as the video scanning technique developed by Fazio and Helmken 
(1968) for a balloon-borne detector and by a European collaboration 
(University of Milan; Centre d’Etudes Nucleaires de Saclay, France; 
Max Planck Institut fur Extraterrestrische Physik, Munich) for a satellite 
y-ray experiment. An acoustic readout chamber was flown by Hutchin- 
son et al. (1970) on OGO-5. 

In an attempt to improve the sensitivity of balloon-borne spark- 
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FIGURE A-9. — A computer microfilm printout of a y-ray event observed in the spark 
chamber shown schematically in figure A—8. The x (top) and y (bottom) arrays represent 
two orthogonal views of the same pair-production event by sampling the charged particle 
trajectories at 32 modular or 2 -axis levels. 


chamber telescopes for discrete source studies, May and Waddington 
(1969) and Share et al. (1968) have combined the excellent directional 
properties of nuclear emulsions with the time discrimination of spark 
chambers. Ross et al. (1969), Frye et al. (1969), and Board, Dean, and 
Ramsden (1968) have improved sensitivity by developing larger area 
detectors for balloon flight observations of y-rays with energies above 
30 MeV. 

A xenon wide-gap spark chamber for directional studies of 1- to 
100-MeV y-rays is currently being developed by the NRL group (Kinzer 
et al., 1970). This device, shown in figure A-ll, is a pictorial detector 
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Figure A-10.— A schematic representation of the Goddard Space Flight Center SAS-B 
spark chamber y-ray telescope (Cline, Fichtel, and Kniffen, 1967). 
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Figure A-ll.— A schematic diagram of the NRL xenon spark chamber for 1- to 100-MeV 
y- ray studies (Kinzer et ah, 1970). 
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FIGURE A—12. — Root-mean-square directional uncertainty for y-rays detected by Compton 
scattering and pair conversion interactions given as a function of y~ray energy for the 
xenon chamber shown in figure A-ll. 


which uses xenon as the spark-chamber gas. Xenon, being a high-Z 
(large atomic number) material, acts as an effective pair-production 
material (ch. 4) as well as a detecting medium in which the produced 
electrons are photographed close to their origins. By use of the low- 
density gas, a sacrifice is made in conversion efficiency to obtain high- 
accuracy directional information. The root-mean-square directional 
uncertainty for the Compton scatter and pair conversion are shown in 
figure A- 12. The detector has the additional advantage of event interpre- 
tation allowed with a “picture”-type detector. 

The lack of unambiguous positive observations with balloon-borne 
telescopes, even with the increased accuracies and sensitivities, indicates 
the need for satellite detectors with sufficient energy and directional 
resolution to obtain a detailed map of both galactic and extragalactic 
y-ray intensities as well as to observe discrete sources. 

A-5 GAS CERENKOV DETECTORS 

A new instrument concept has been devised by K. Greisen of Cornell 
University and G. Fazio of the Smithsonian Astrophysical Observatory 
and their collaborators for the examination of possible discrete source 
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Figure A—13.— A schematic representation of the 100-in. telescope gas Cerenkov y-ray 
detector of the Cornell and Smithsonian Astrophysical Observatory groups. 



Figure A-14. — The 100-in.-diameter Cornell-SAO gas Cerenkov telescope. The telescope 
is shown pointing to the right with the mirror at the left of the picture. On the right end 
are the Cerenkov tubes, scintillators, and lead converter. (See fig. A-13.) The 20-ft-long 
instrument was designed and built at Cornell under the direction of Prof. Kenneth 
Greisen (shown at the bottom left with coworker Dr. Brian McBreen). (Courtesy K. 
Greisen.) 
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emitters. This instrument, depicted schematically in figure A— 13 and 
shown in figure A- 14, can be compared in principle to the scintillation” 
Cerenkov detector presented in figure A— 2, with the solid radiator Ceren- 
kov detector replaced by a gas Cerenkov detector. An event which is 
accepted passes undetected through the scintillation counter. Si, con- 
verts to one or more charged particles in the lead converter, and is sub- 
sequently detected by a coincidence between the thin scintillator S-> 
and the gas Cerenkov detector. The index of refraction of the gas is very 
near unity, giving it a high-velocity threshold and a small-angle light 
cone. Thus this detector is characterized by its simplicity, potentially 
large collecting area, low background, and moderate angular accuracy. 
A small acceptance angle limits its use to studies of discrete sources. The 
technique should provide excellent sensitivity for point sources, although 
it has the disadvantage that it lacks the unambiguous event identification 
provided by the imaging detectors. This technique can be extended 
down to 15 MeV (Helmken and Hoffman, 1970). 


A- 6 GROUND-BASED TELESCOPES FOR OBSERVATIONS 
OF 10 11 TO 10 12 eV y-RAYS 

Recent observations (Fazio et ah, 1970a, b; Charm an et ah, 1970; 
Chatterjee et al., 1970; and Charman and Jelly, 1970) of 10 11 to 10 12 eV 
y-rays have been made utilizing the Earth’s atmosphere both as a con- 
verter and as a gas Cerenkov detector for the electrons produced by 
y-rays. The background I B in this case is the Cerenkov light produced by 
the isotropic background of charged particle cosmic rays, as well as 
starlight and other light which might appear in the night sky. This back- 
ground is severe, but the small angle 0 subtended by the source and the 
large collecting areas allow excellent sensitivities to be obtained with this 
type of detector. 

The basic instrument is simply a large optical reflector which focuses 
the light onto a photoelectric device, where the detected light pulses are 
recorded for later analysis. Data are collected as the Earth’s rotation 
causes the source to pass across the detector aperture, with back- 
ground samples taken before and after each observation. In this observing 
mode, care is taken to keep the instrument stationary in order to minimize 
the variables encountered during the data-collection period. The high 
background involved makes it essential that the system be extremely 
stable. Observations in which the telescope is pointed at the source as 
it moves across the sky have also been made to increase sensitivity by 
increasing the observing time; but the background fluctuations involved 
in moving the system due to varying atmospheric depths, changing mag- 
netic field configurations, etc., make this a most difficult mode. 
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Figure A-15. — A picture of the 10un reflecting night-sky Cerenkov telescope of the Smith- 
sonian Astrophysical Observatory Mount Hopkins facility. {Courtesy G. G. Fazio.) 


The 10-m telescope of the Smithsonian Astrophysical Observatory is 
shown in figure A- 15. 

A-7 SUMMARY 

The detectors described in this brief survey represent the current 
instrumentation being used or planned for the near future in experi- 
mental y-ray astronomy programs. Though intense effort has been put 
into this potentially fruitful observational field, the only unambiguous 
positive results obtained at this writing are the very significant results 
of the OSO-3 experiment of Clark, Garmire, and Kraushaar (1968) and 
Garmire (1970), and the ERS~~18 results of Vette et al. (1970). There is a 
clear need for continued observations in all energy ranges with more 
sensitive detectors and improved techniques to map the detailed spectral 
and spatial structure of the celestial y-ray distribution and to detect 
discrete sources and measure the characteristics of their emitted 
y-radiation. 
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